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Abstract

Abstract
This study aimed to develop methods to improve PHA production from selected volatile
fatty acids (VFAs) and to improve the understanding of the PHA production process by
pure culture bacterial fermentation using Cupriavidus necator. Optimisation strategies
involved the following investigations using shake flasks and 5 litre based batch
fermentations:
Shake flask investigations determined that the temperature of 30oC and a nutrient
medium, resulted in the highest growth of bacteria. A feeding strategy of the substrate
(VFAs – acetic acid and butyric acid) was developed to avoid inhibition by the substrate
and the alkaline buffer. The results established that continuous feeding of VFAs based
on maintaining optimum pH around 7 resulted in enhanced PHA yields by almost 2-fold
when compared to single pulse feeding of acetic and butyric acids (at 1, 2, 3, 4 and 5 g/l
VFA concentration).
A novel application of a capacitance probe was demonstrated to be able to monitor
maximum PHA accumulation in-situ and in real-time, so as to prevent product and
substrate loss (acetic and butyric acids, by a maximum value of 12 g/l and 20 g/l
respectively), and to increase PHA process understanding and fermentation kinetics.
The dielectric spectroscopy probe was able to correlate very well (R2 = 0.862) with
PHA off-line measurements when operated in dual frequency mode and was able to
establish the optimum PHA harvesting time, which would have resulted in improved
process economics and environmental performance.
Shake flask experiments were conducted to investigate the addition of trace metals
(zinc, manganese, boric acid, cobalt, nickel and sodium molybdate), copper and sodium
chloride in nutrient media and its effects on bacteria growth. NaCl contributed to the
greatest enhancement in the early growth of bacteria and therefore fed batch
fermentations using 0, 3.5, 6.5, 9, 12 and 15 g/l of additional NaCl concentrations were
evaluated. The 9 g/l NaCl concentration showed the highest PHA production of 5.33 g/l
and also caused PHA accumulation to occur earlier by 2 h than the control. The
capacitance probe also helped visualise and understand the bacterial growth and PHA
accumulation profile.

xi

Abstract

The novel use of low cost digestates based media was demonstrated. Results
demonstrated that possibly due to the nutrients/trace elements in a digestate (from food
wastes and wheat feed) the PHA accumulation was enhanced by 3-fold (to 12.29 g/l);
with a resulting highest ever reported PHA accumulation of 90% for C. necator. C: N:
K: P: S ratios for this digestate based fermentation were found to be for growth 761: 31:
1: 3.5: 1.9 and for PHA accumulation 1132: 11: 3: 1.7: 1. Digestates use within
biotechnology and biorefining specifically for bacterial applications could provide
another alternative route to digestate disposal that may lead to valuable end products.
All the above evaluations represented novelty and have delivered significant process
optimisation for PHA production from VFAs.
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Introduction
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Chapter 1

This chapter introduces current rates in polymer use, the environmental challenges
related to the use of synthetic polymers and related government policies and
regulations. The chapter also introduces the need for the use of biodegradable
polymers, the current use of biopolymers, specifically polyhydroxyalkanoates
(PHAs), as well as discusses their future potential significance in the world of
polymers. A number of factors have inhibited market uptake for PHAs and this
chapter presents the reasons and the needs for R&D to support wider market
penetration. This chapter also describes the aims and objectives of this study and
defines the structure of the thesis.

1.1 General Overview
The global plastic production in the year 2012 was reported to be 288 million tonnes,
2.8% higher than in 2011. Of this world wide demand, 202 million tonnes (70%) was
accounted to be plastics from the five major categories of - polyolefins
(polyethylene), polyvinyl chloride (PVC), polystyrene, expanded polystyrene (EPS)
and polyethylene terephthalate (PET) (The Plastics Portal, Press release 2012).
Unfortunately, none of them are biobased or biodegradable. Although plastic
recycling is an encouraged route for plastic disposal, it is not often stringently
followed. In USA, only 9% of the total plastic waste was recycled in 2012 (US
Environmental Protection Agency, www.epa.gov), while Europe and UK (combined)
recycled 46% of their total plastic waste in 2010 (British Plastic Federation,
www.bpf.co.uk). The target for recycling material that has been set by the European
Commission (EC) Packaging and Packaging Waste Directive (94/62/EC) to be met
by the UK for the year 2014 is 58.9% of the 69.5% recovered materials, out of which
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plastic makes up 42% of the recovery materials (Option 3a, preferred option by the
UK Government). These figures, however, are for obligated businesses only (i.e.,
businesses which have a turnover of over £2M and who handle over 50 tonnes of
packaging), and hence the overall recycling figures in UK are estimated to be lower
(Reducing and managing waste policy, www.gov.uk). Based on this directive, in
2011, UK disposed approximately 11 million tonnes of packaging waste, of which
about 67% was recovered. For plastics, this recovery rate was only 24%, while paper,
glass and metal had higher recovery rates of 85%, 64% and 55%, respectively
(Reducing and managing waste policy, www.gov.uk). The rest of the plastic that has
not been recovered/recycled follows route to landfills, incinerators and/or water ways
and accumulates in the environment sometimes, causing significant damage through
contamination, pollution, toxicity and harm to living creatures (Barnes et al., 2009;
Ryan and Jackson, 1987; Sheavly and Register, 2007). In 2012, the UK accounted
70% of its plastic waste as being sent to landfills, the worst performance in
comparison to any European country, especially since the EC Waste Framework
Directive (2008/98/EC) aims to achieve the goal of zero plastics in landfills by 2020
(www.bpf.co.uk).
Although synthetic plastics offer many advantages such as versatility, resistance and
durability to name a few, which have contributed to their increased use in the past
four decades, some of these very same qualities pose threats to the environment. For
e.g., the long life of synthetic plastics is the major reason for their build up in oceans
e.g., The Great Pacific Garbage Patch (Kaiser, 2010). Also, almost all synthetic
plastics are produced from fossil fuels, which are non-renewable and are a finite
source of energy. Approximately 4% of the world petroleum production is directly
used to produce plastics and a further 3 - 4% account towards the energy in
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manufacturing those (Hopewell et al., 2009). Considering the rising single use
applications of synthetic plastics and the rate of depletion of fossil fuels, the above
numbers clearly indicate the gravity of this non-sustainable use of synthetic plastics.
Biodegradable polymers or biobased plastics are environmentally friendly
alternatives to synthetic plastics that are produced from renewable materials. The
major categories of commercial bioplastics are polyhydroxyalkanoates (PHA),
polylactic acid (PLA), starch and cellulose based materials. This study, however, will
make reference mainly to PHAs.

1.2 Polyhydroxyalkanoates (PHAs)
PHAs are macromolecule-polyesters that are naturally produced by different kinds of
gram positive and gram negative bacteria as intracellular carbon and an energy
reserve with thermoplastic and elastomeric properties, which have the advantage of
being biodegradable, biocompatible, nontoxic and produced from renewable sources
(Albuquerque et al., 2010; Johnson et al., 2009; Suriyamongkol et al., 2007). PHAs
are synthesised by many species of bacteria belonging to the Halobactericeae family,
and also by a variety of different bacteria (Cavalheiro et al., 2009).
PHAs have a large chemical diversity and the most common form is
polyhydroxybutyrate (PHB), the synthesis of which is considered as the simplest
biosynthetic pathway involving three enzymes and their encoding genes
(Suriyamongkol et al., 2007). PHB is found as an associate membrane constituent of
yeasts, plants and animals and their acknowledged functions include a role in DNA
transport and protection of the macromolecules from degrading enzymes (Reddy et
al., 2003). In recent times, PHAs have been incorporated into many applications such
4
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as medical implants, drug delivery carriers, printing and photographic materials,
packaging materials, coatings for nutritional supplements and chemicals (Chen,
2009). Rapidly expanding applications of PHA also include drug targeting and
protein purification. Proteins and genes related to PHA producing microorganisms
have been used to regulate metabolisms and to enhance the robustness of industrial
microorganisms such as E. coli (Chen, 2009) and microalgae (Hempel et al., 2011).
PHAs and biodegradable polymers in general, are more expensive as compared to
their synthetic counterparts in the market place. Poly(3-hydroxybutyrate-co-3hydroxyvalerate) (PHBV) produced using Cupriavidus necator costs close to USD
16/kg using glucose as a substrate (Yunus et al., 2008). This price was reduced when
PHBV was produced using recombinant E. coli that cost USD 3.95/kg (Choi and
Lee, 2000). However, this price was still high compared to the price of oil-derived
plastics which was USD 0.6 - USD 1.0/kg polypropylene and USD 0.8 - USD 1.8/kg
polyethylene (Yunus et al., 2008). However, the latest market data shows that the
price for biopolymers has substantially reduced as compared to 2 - 3 years ago. The
price for PHA as stated by Mirel (US), which is a corn syrup based PHA resin, was €
1.50/kg (Chanprateep, 2010).
Considerable research has been directed towards the goal of making PHA
economical while still being environmentally friendly. There has been substantial
research and development in the following areas - production of PHA from low-cost
and waste based substrates, obtaining a higher quality end product, optimisation of
conditions affecting PHA synthesis, downstream processing techniques and using
recombinant microorganisms for PHA production. The optimisation of the PHA
fermentation process seems to be the most vital for a better understanding of the
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complete PHA production system and in reality; all other aspects of research depend
primarily on the optimisation knowledge and its progress. Based on previous
research and literature, it can be concluded that no complete optimised model for a
particular bacterium exists from a PHA production perspective. While many studies
have worked towards optimising process conditions such as the use of low cost
substrates (Chua et al., 2003; Daneshi et al., 2010; Hafuka et al., 2011; Mengmeng et
al., 2009 etc), different feedstocks (as reviewed by Akaraonye et al., 2010), C: N: P
ratio optimisations (Albuquerque et al., 2010b; Johnson et al., 2010b), PHA
quantification and recovery methods (Albuquerque et al., 2010a, b; Cavalheiro et al.,
2012; Oshiki et al., 2011); these have been carried out under so many varying
conditions, for different bacterial cultures including mixed cultures, and most
importantly, with different goals. For example, the optimisation of the PHA
production process would be different if the goal were high product quality rather
than maximum PHA production or both. The need for research models for PHA
production, potentially for each industrial bacterium needs to be completed, in order
to understand the fundamentals of the process and to be able to manipulate it for
product and efficiency. Also, little R&D efforts have concentrated on the role of
macro as well as micro nutrients, monitoring on-line bacterial growth and polymer
accumulation kinetics in order to better understand the process and optimise feeding
strategies or harvesting time. These are, therefore, areas that this study aims to
evaluate.
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1.3 Aims and Objectives
The aims and objectives of this thesis were therefore, to investigate the effect of
environmental factors, PHA enhancers, substrate feeding regimes, low cost
nutritional culture media, and real-time harvesting period monitoring for Cupriavidus
necator, an industrial PHA producer.
Investigations had the following specific objectives:
 To understand the influence of environmental conditions such as temperature and
media on the growth of C. necator.
 To develop a feeding regime for selected volatile fatty acids (VFAs) as carbon
sources for fast conversion and higher PHA production to ensure maximum
conversion of VFA into PHA.
 To evaluate the possibility of utilising digestates (the residue from anaerobic
digestion) from low cost biomass as source of nutrients or PHA enhancers.
 To develop a real-time, online monitoring tool, that could indicate the time of
maximum PHA accumulation, in order to harvest the bacterial culture for maximum
PHA recovery, hence making the process more optimised and economical.
 To investigate the use of NaCl as a potential enhancer for increasing of PHA
productivity in a low-cost and non toxic way.
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1.4 Structure of the thesis
The thesis consists of ten chapters, which are organised as follows:
Chapter 1 introduces the topic and gives an overview related to synthetic plastics and
biodegradable plastics, emphasises the need for better understanding of the bacterial
fermentation for PHA production and improved process optimisation and identifies
the objectives of this study.
Chapter 2 critically reviews the literature to date on the topics relevant to the
investigations of this study. Chapter 3 describes the materials and methods used to
implement the fermentative production of PHA using C. necator and post production
methods to extract and analyse the resultant polymer.
Chapter 4 reports the results of investigating the factors of temperature, media
conditions and substrate feeding regimes for C. necator. This led to a selection of
environmental factors being applied and feeding regimes being used as a base for all
further experiments.
Chapter 5 includes the evaluations of PHA harvesting time by investigating the use
of an online real time probe using dielectric spectroscopy. This novel tool was able to
monitor process kinetics and maximum PHA accumulation and could indicate the
appropriate time of harvesting.
Chapter 6 details the investigation of the improvement of PHA production by
additions of certain compounds that are normally used in standard culture media
preparations. The use of low cost, non-toxic salt (NaCl) to enhance PHA production
was studied as compared to conventional media.

8

Chapter 1

Chapter 7 reports the use of filtered digestate liquors, which are low cost, as culture
media for PHA production and contrasted, in detail, the effect of different metals and
nutrients that were present in the digestate on the growth and PHA accumulation in
C. necator.
Chapter 8 presents the overall results, the conclusions drawn from this thesis and
suggests the future work that has the potential to be carried out. Chapter 9 details all
the cited references.
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Chapter 2

This chapter summarises the state of the art in polyhydroxyalkanoates (PHAs)
production and introduces their role and market importance to society and the
environment, historical background and PHA biosynthesis. This chapter explores and
critically reviews previous studies related to the production of PHAs from pure and
mixed bacterial cultures, and the use of different substrates or feedstocks for PHA
production. An overview into the progress made in recent years related to the PHA
production, process control and optimisation also features. This chapter also
describes, in detail, PHA characteristics, types, properties, extraction methods and
the increasing number of applications for PHAs.

2.1 Concepts Relevant to Biopolymers
The American Society for Testing and Materials (ASTM) defines the word
‘biodegradable’ as capable of undergoing decomposition into carbon dioxide,
methane, water, inorganic compounds or biomass in which the predominant
mechanism is the enzymatic action of microorganisms, that can be measured by
standard tests, in a specific period of time, that reflect available disposal conditions.
PHAs are biodegradable polymers and are a family of biopolyesters with diverse
structures that are bioproduced, biobased, biodegradable, biocompatible, osmotically
inert and hydrophobic and should breakdown within a certain time frame, in a
completely non toxic way (Santhanam and Sasidharan, 2010). There has been some
indication that polymers made from polyhydroxybutyrate (PHB), a type of PHA,
degrade completely to methane, water and carbon dioxide anaerobically in various
surroundings such as soil, sea, lake water and sewage (Santhanam and Sasidharan,
2010).
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PHAs can be synthesized from pure bacterial sources, i.e., a culture containing a
single kind of microorganism or descendants of a single microorganism, free from
other organisms. PHAs can also be synthesized from mixed bacterial sources, i.e., a
culture composed of two or more microorganisms.

2.2 Need and importance of biodegradable polymers in society and the
environment
This section emphasizes the importance and urgency of biodegradable alternatives to
commercial synthetic plastics currently and for the future.
Low cost, robustness, light weight, ease of moulding and resistance to
biodegradation are the primary reasons to why plastic materials are being used
progressively (Reddy et al., 2003; Castilho et al., 2009). Synthetic plastics are
manufactured to suit the unceasing performance for long life spans and hence
causing them to be passive to natural and chemical breakdown (Chee et al., 2010).
Statistics at the London Metal Exchange, UK, show that the use of plastics in 2009
approximated to 150 million tonnes annually worldwide. This increasing trend in
plastic consumption is likely to continue until 2020, which can be attributed to the
upsurge in the use of plastic today in the packaging industry and disposable
containers made for short term use (Cachum, 2006; Crank et al., 2004). The global
market for engineering plastics in terms of revenue was estimated to be worth
$45,232 million in 2011 and is expected to reach $76,823 million by 2017, growing
at a Compound Annual Growth Rate (CAGR) of 9.1% from 2012 to 2017
(marketsandmarkets.com, Report - Global Engineering Plastics Market Analysis by
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Product Types, Applications & Geography - Trends & Forecasts (2012 - 2017).
Seven broad classes of biopolymers are distinguished, namely polynucleotides,
polyamides, polysaccharides, polyisoprenes, lignin, polyphosphate, and PHA
(Santhanam and Sasidharan, 2010).
The main difficulties with petroleum derived plastics are that they take numerous
decades to degrade and therefore are accumulating in the environment at a rate of
close to 25 million tonnes per year (Castilho et al., 2009). Several million tonnes of
plastic are discarded into the marine environment every year and unfortunately
accumulate in the oceanic areas. These plastics are extremely difficult to dispose
since they are not prone to microbial deterioration. Also, there are great difficulties in
recycling fossil fuel based plastics in terms of sorting and disposing plastics by
incineration as they can produce toxic compounds, causing environmental damage
such as climate change due to carbon dioxide emissions (Reddy et al., 2003).
Replacing these synthetic plastics with biodegradable plastic is an interesting and
environmentally friendly alternative for a number of applications. It has been stated
that biobased plastics attained from renewable resources sustain carbon dioxide
neutrality since their production; use or degradation does not have a negative
influence on the ecological equilibrium (Daneshi et al., 2010). Harding et al. (2007)
reported that PHB was superior to polypropylene in terms of environmental impacts
in all categories, based on Life Cycle Assessment (LCA) studies for PHB production.
Gurieff and Lant (2007) conducted a LCA study for PHA production from mixed
cultures and concluded that PHA production was a better route than biogas
production. Koller et al. (2013) found that PHA production had higher environmental
burdens than synthetic polymer production based on data from pilot scale
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technologies, but suggests that if scaled up, process efficiency improvements would
result in lower burdens.
According to a review by Chanprateep (2010), biopolymers can be segregated into
three groups based on their biodegradable characteristics. These are (i) Biopolymers
that have biodegradable or compostable properties but are not bio-based. For
example,

synthetic

biodegradable

aliphatic–aromatic

copolyesters

such

as

polybutylene terephthalate adipate (PBTA), polybutylene terephthalate succinate
(PBTS) and polybutylene terephthalate glutarate (PBTG). (ii) Biopolymers that have
biodegradable or compostable properties and are bio-based. For example, polylactide
(PLA), starch-based materials, cellulose-based materials, PLA compounds and
blends (Ecoflex and Ecovio) and PHAs. (iii) Biopolymers that are composed of biobased resources but are manufactured into non-biodegradable polymers. For
example, 1,3 propanediol (PDO) from corn sugar and bioethanol-based linear lowdensity polyethylene (LLDPE). Table 1 lists a variety of biodegradable and nonbiodegradable polymers.
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Table 1 - A list of biodegradable and non-biodegradable polymers in the market
(EuBP market data, Report, europeanbioplastics.org 2012)
Biobased, biodegradable

Biobased, non-biodegradable



Cellulose derivatives



Bio-polyamide (Bio-PA)



Regenerated cellulose



Bio-polypropylene (Bio-PP)



Other biodegradable polyester (PBAT, 
PBS, PCL)



Polyhydroxyalkanoate (PHA)



Polylactic acid including blends (PLA,
PLA-Blends)



Bio-polyethylene (Bio-PE)



Bio-polyurethane (Bio-PUR)



Bio-polyethylene terephtalate (BioPET)



Thermoplastic elastomer (Bio-TPE)

Biodegradable starch blends (Starch
Blends)

Bio-polycarbonate (Bio-PC)



Polyethylenefuranoate (PEF)



Polytrimethyleneterephthalate (PTT)

2.3 Polyhydroxyalkanoate (PHA) related history
Beijerinck in 1888 first observed fat-like inclusions in bacterial cells (Volova, 2004).
However, poly(3-hydroxybutyrate) (PHB) from Bacillus megaterium was the first
PHA to be discovered by Lemoigne, a French scientist at the Institut Pasteur in 1926,
after 3 years of investigating 3-hydroxybutyric acid (3HB) formation in Bacillus
(Lemoigne, 1926). However, at that time, synthetic plastics were extensively used
and the high cost of bioplastic technology in terms of its manufacturing, isolation,
extraction and purification led it to this approach being ignored. Baptist and Werber
(W.R. Grace & Co., USA) in the 1960s begun the production of PHB and blended its
uses in medical devices (Hocking and Marchessault, 1994). However, low yields of
the product, occurrence of biomass residues in the polymer, and the elevated cost of
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polymer extraction led to these efforts being ignored. It was only in the year 1973
that PHB received its recognition as a storage polymer in bacteria with functions
similar to starch and/or glycogen (Dawes and Senior, 1973). Later, in 1974, Wallen
and Rohwedder identified other monomer constituents besides the 3HB monomer
from activated sewage sludge, the majors being, 3-hydroxyvalerate (3HV) and 3hydroxyhexanoate (3HHx) (Wallen and Rohwedder, 1974). Also, a new monomer,
3-hydroxyoctanoate (3HO) was identified (De Smet et al., 1983) when Pseudomonas
oleovorans was fed with n-octane which led to the revelation that the type of
substrate affected the synthesis of different PHA monomers.
It was the oil crisis in the 1970s that brought plastic alternatives to a forefront.
Imperial Chemical Industries (ICI, UK) pioneered this approach by cultivating the
microbe Alcaligenes latus to produce PHB to up to 70% of its cell dry weight
(Howells, 1982). However, the PHB was brittle, of poor quality and involved high
manufacturing expense. ICI soon produced a novel polymer, BIOPOL®, with better
properties of high elasticity than PHB (King, 1982) and after a series of company
splits, sell offs, and mergers, a company named Tepha Inc. (USA) was initiated;.
This company promotes the R&D of this technology for medical devices from
biologically produced biodegradable polymers (Philip et al., 2007). Today, there a
number of industrial scale PHA production companies worldwide such as Metabolix
Inc. (USA), Meredian (USA), Biomer (Germany), Tianjin Green Biomaterials
(China), Shenzhen Ecomann Technology (China), Polyferm (Canada), PHB
Industrial (Brazil), among others (Chen, 2009).
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2.4 Biosynthesis of PHA
This section focuses on the biosynthetic production of PHAs and the related
pathways. It also gives a brief overview of the genes involved in encoding the PHA
synthesis process.
PHAs can be produced by biological or chemical means; the former however, leads
to a much higher molecular weight product than the latter (Chen, 2010). Biological
PHA production is considered more environmentally friendly and sustainable even
though the resultant monomer structures can vary (Chee et al., 2010).
Microbial synthesis of PHA is reliant on the provision of the substrate monomer
(carbon source) and its polymerisation. Two enzymes are known to play an important
role in the PHA production and degradation process. PHA biosynthesis polymerising
enzyme, PHA synthase, is known to be the key enzyme that plays a crucial role in
determining the type of PHA produced, while intracellular PHA depolymerase
contributes in recovering the stored carbon from PHA by breaking it down (Sudesh
et al., 2000).
Different kinds of PHA monomers are produced dependent on carbon source and the
PHA synthesis pathways. Out of the eight existing biosynthetic pathways (Chen,
2010), the three well known pathways are described below (Sudesh et al., 2000).

Pathway 1: It is the simplest and the best known pathway and Cupriavidus necator
(also formerly known as Wauterisia eutropha, Alcaligenes eutrophus or Ralstonia
eutropha. DNA hybridization studies and assessment of phenotypic characteristics,
DNA base ratios and 16S rRNA gene sequences resulted in the reclassification of
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this bacterium as C. necator (Castilho et al., 2009)) is the representative of this
pathway. It consists of three distinct enzymes catalysing three enzymatic reactions.
In the first reaction, two acetyl coenzyme A (acetyl-CoA) molecules condense into
acetoacetyl-CoA by β-ketothiolase. The second reaction is the formation of 3hydroxybutyryl-CoA by the reduction of acetoacetyl-CoA by acetoacetyl-CoA
reductase. And lastly, the 3-hydroxybutyryl-CoA monomers are polymerised via
esterification into poly(3-hydroxybutyrate) (PHB) by PHA synthase (Figure 1).

Pathway 2: It is a fatty acid β-oxidation pathway. Pseudomonas aeruginosa is a
representative of this pathway. After the β-oxidation of fatty acids, acyl-CoA enters
the cycle of PHA synthesis which is polymerised by PHA synthase. The enzymes
enoyl-CoA hydratase, acyl CoA-oxidase and 3-ketoacyl-CoA reductase among
others are involved in PHA synthesis wherein Pseudomonas synthesis medium chain
length polymers from different alkanes, alkenes and alkanoates (Figure 1).

Pathway 3: It is a fatty acid de novo biosynthetic pathway which produces PHA
from glucose, sucrose, fructose and other simple carbon sources. Pseudomonas
putida is a representative of this pathway. 3-hydroxyacyl-ACP is facilitated by
enzymes 3-hydroxyacyl-ACP-CoA transferase and malonyl-CoA-ACP-transacylase
to form the PHA monomer (Figure 1).
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Figure 1- Biosynthesis pathway for polyhydroxyalkanoates
(Adapted from Sudesh et al., 2000)

The genetic basis for PHA biosynthesis has been studied in detail with respect to the
model bacterium, C. necator. The PHA biosynthetic genes phbA (for β-ketothiolase),
phbB (NADP-dependent acetoacetyl-CoA reductase) and phbC (PHB synthase) are
organised in the phbCAB operon, which are arranged one in front of each other on
the chromosome (Schubert et al., 1988; Slater et al., 1988). In C. necator, the phb
loci have an additional gene phbF, the functions of which are not fully understood.
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2.5 Structure, characteristics, types, composition and properties of PHA
PHAs are optically active polyesters, generally containing monomer units made up
of 3–hydroxyalkanoate units (Anderson and Dawes, 1990), which are polymerised
into polymers in the molecular weight range of 200,000-3,000,000 Da, depending on
the microbe and carbon source (Bryom, 1994). Figure 2 shows the chemical structure
of a polyhydroxyalkanoate.

Figure 2 - Structure of a polyhydroxyalkanoate
(Adapted from Tan et al., 2014)

Figure 3 shows a transmission electron micrograph (TEM) of thin sections of PHB
cells from recombinant R. eutropha. PHA granules are present in the cytoplasm of
the cell and are approximately 0.2-0.5 µm in diameter (Dawes and Senior, 1973).
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Figure 3 - TEM image of recombinant R. eutropha cells containing PHB
Bar represents 0.5 µm (Sudesh et al., 2000)

The structure of the polymer combined is ruled by the bacterial strain/s and the
carbon source being used by the bacteria (Santhanam and Sasidharan, 2010). PHAs
are biocompatible, biodegradable, water resistant, non-toxic, have high crystallinity
and a high degree of polymerisation, with a molecular weight of 2 x 105 - 3 x 106
(Lee, 1996b). All these qualities make PHAs very competitive with polypropylene, a
synthetic plastic (Reddy et al., 2003). PHAs are divided into three groups based on
the number of carbon atoms in their monomers (Gagnon et al., 1992; Holmes, 1988),
short chain length (SCL) PHAs, medium chain length (MCL) PHAs and long chain
length (LCL) PHAs. SCL PHAs consists of monomers with 3-5 carbon atoms and
are synthesized by numerous bacteria, including C. necator (Sudesh et al., 2000).
They have higher crystallinity and are brittle. MCL PHAs consist of monomers with
6-14 carbon atoms (Sudesh et al., 2000), and are synthesized by many bacteria,
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including, P. putida. MCL PHAs have low crystallinity and are more flexible. They
are thermoplastic elastomers with low tensile strength and lower crystallinity as
compared to SCL PHAs. LCL PHAs consist of 15 or more carbon atoms (Tan et al.,
2014).
There exist many copolymers of PHAs within these groups such as, SCL poly(3hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV) or PHBV) and MCL
poly(3-hydroxyhexanoate-co-hydroxyoctanoate) (P(3HHx-co-3HO)).
Poly(3-hydroxybutyrate) (PHB), a SCL polymer, is a thermoplastic polymer that has
many advantages as compared to petrochemically derived plastics such as being
biobased, biodegradable and biocompatible (Oliveira et al., 2004). There has been
some indication that PHB polymers degrade completely to methane, water and
carbon dioxide anaerobically in various surroundings such as soil, sea, lake water
and sewage without any detriment to the environment (Santhanam and Sasidharan,
2010). PHB is highly crystalline and has a melting temperature of 180°C (Philip et
al., 2007).
PHBV, a SCL polymer, has lower crystallinity and a lower melting temperature as
compared to PHB, and PHBV is known to be more flexible and tougher than the
PHB homopolymer (Lee et al., 2008). The use of propionic acid as a substrate or in a
mixture of VFAs as substrate results in the formation of the poly (3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV) copolymer (Du and Yu, 2002). The mole percentage
of 3HV in the polymer determines the properties of the resultant polymer.
Poly(4-hydroxybutyrate) (P4HB), another SCL polymer, which is much stronger
than P3HB and is a pliable thermoplastic material that competes with synthetic
polyethylene in terms of tensile strength and elasticity (Philip et al., 2007). This is a
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relatively newly discovered polymer, which is produced by transgenic fermentation
involving recombinant E.coli and used extensively in medical applications (Williams
et al., 2013). Table 2 details some characteristics of P(3HB), P(4HB) and PHBV.

Table 2 - Characteristics of P(3HB), P(4HB) and PHBV (Philip et al., 2007)

Characteristics

P(3HB)

P(4HB)

PHBV

Melting point (°C)

177

60

150

Glass transition temperature
(°C)

4

-50

-7.25

Tensile strength (MPa)

40

104

25

Elongation at break (%)

6

1000
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2.6 PHA producing microorganisms
This section focuses on describing the different microorganisms, in mixed and pure
bacterial cultures, typically involved in PHA production, with a focus on industrial
PHA producers like pure culture C. necator.
Over 300 species of bacteria and some transgenic plants (Murphy, 2003) produce
PHAs for carbon and energy storage, as cytoplasmic insoluble granules (Dobroth et
al., 2011). Many bacterial strains, both Gram-positive and Gram-negative as well as
photosynthetic bacteria including cyanobacteria have been recognized to accumulate
PHA both aerobically and anaerobically (Chee et al., 2010).
Using mixed microbial cultures for PHA production that do not require sterile
conditions has been a recent development, specifically to facilitate the use of low
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value wastes or complex feed as feedstocks to help reduce production costs
(Albuquerque et al., 2007; 2010a, b; Bengtsson et al., 2008; Cavalheiro et al., 2009;
Chua, 2003; Johnson et al., 2009; 2010a, b; Serafim et al., 2004). Mixed cultures
accumulate PHA under momentary conditions due to intermittent feeding and the
difference in the electron donor/acceptor presence (Salehizadeh and Van Loosdrecht,
2004). In the studies that used mixed microbial cultures for PHA production, and
reported high PHA accumulation (i.e., >60%), culture enrichment had been an
essential step of the process that has been reported to take a dedicated period of two
years or more (Albuquerque et al., 2007; 2010; Bengtsson et al., 2008; Johnson et
al., 2009; 2010a, b; Serafim et al., 2004). Enriching a culture for a particular
substrate is therefore, a time consuming process that poses some difficulties in
industry to produce PHAs from a variety of substrates. In many such enriched mixed
cultures, only one or two predominant bacterial species have been observed and not
an equal distribution of many bacterial species applies (Kourmentza et al., 2009;
Johnson et al., 2009). For e.g. Plasticicumulans acidivorans was dominant in the
study by Johnson et al., 2009 (as investigated by Jiang et al., 2010). In addition,
studies from mixed bacterial cultures enriched from sludge have reported problems
related to filamentous bacterial outgrowths (Fang, 2009). It might also be difficult to
optimise a process using mixed microbial cultures due to the changes and instability
in the culture, from an industrial point of view, that requires a standard end product.
Pure culture bacteria such as C. necator, Alcaligenes latus, Pseudomonas
oleovorans, and Azotobacter vinelandii and recombinant Escherichia coli are among
the most frequently studied bacterial cultures (Choi and Lee, 1997). Pure cultures are
known to produce higher PHA yields (>75%) (Salehizadeh and Van Loosdrecht,
2004) and hence considered more productive and stable. Gram positive and negative
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bacteria are both known to produce PHA (Chee et al., 2010), though Gram negative
bacteria have the advantages of producing higher amounts of PHA, i.e., more than
80% PHA of their CDW (Anderson and Dawes, 1990), have no endospore formation
in the case of nutrient limiting conditions unlike Gram positive bacteria (Lefebvre et
al., 1997) and better PHA quality than Gram positive bacteria (Chen et al., 2001).
There had been however, some hindrance in the past, in using Gram negative
bacteria to produce PHA for medical applications, since these bacteria may release
pyrogens, which are a type of endotoxins, from their cell wall (Raetz, 1993), which
can cause fever if introduced in humans (Lee et al., 1999a). However, this has been
overcome by modifying PHA extraction techniques (Chen and Wu, 2005; Lee et al.,
1999a; Wampfler et al., 2010). Table 3 lists the most frequently used bacterial strains
(and their mutants) for industrial PHA production on a pilot and large-scale basis.
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Table 3 - Common PHA producing bacteria strains for industrial processes

Bacterial
strain

Substrate

PHA
(%CDW)

References

Cupriavidus
necator

Sugars,
VFAs

> 80%

Lee and Yu, 1997;
Steinbüchel and Pieper,
1992; Doi et al., 1986;
1987

Alcaligenes
latus

Sugars

> 75%

Yamane et al., 1996

Pseudomonas
oleovorans

Alkanes

> 60%

Brandl et al., 1988

Azotobacter
vinelandii

VFA

> 74%

Page and Manchak, 1995

Escherichia

Sugars,
VFAs

> 80%

Lee and Chang, 1994;
Lee et al., 1994b

Bacillus spps

VFA

> 50%

Chen et al., 2009

Aeromonas
hydrophila

Sugars

> 50%

Chen et al., 2009

coli

Most of the studies on production of PHA from pure bacterial cultures have been
conducted on the PHA producer - Gram negative, C. necator (Table 4) because it has
shown to naturally produce PHA close to 85% of its dry weight when grown in
media having excess glucose (Yunus et al., 2008). Apart from all the advantages
explained above, this bacterium had been chosen for this project also because of its
versatility with different substrates.
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Table 4 - Scientific classification of Cupriavidus necator (Uniprot, 2012)

Scientific Name

Cupriavidus necator

Common name

Alcaligenes
eutrophus

Synonym

Ralstonia eutropha

Rank

Species
Lineage

Kingdom

Bacteria

Phylum

Proteobacteria

Class

Betaproteobacteria

Order

Burkholderiales

Family

Burkholderiaceae

Genus

Cupriavidus

Table 5 summarises a comparison of the advantages and also the challenges that still
face pure and mixed culture fermentations for PHA production. Even though pure
bacterial culture fermentations may be expensive (due to sterilisation requirements),
if coupled with low cost substrates, high yield and efficiency improvements could
balance out the high costs associated with sterilisation. Therefore, pure culture
fermentations for PHA production should not be ruled out for future industrial PHA
developments. Also, pure culture based systems are simpler to setup and study, and
therefore, important conclusions can be drawn. It is also important that kinetic
models for pure cultures are defined.

27

Chapter 2

Table 5 - Summary table outlining advantages and disadvantages of pure and
mixed culture fermentation for PHA production from organic substrates

Pure Culture Fermentation for
PHA production

Mixed Culture Fermentation for
PHA production

Advantages

Disadvantages

Advantages

Higher costs due
to
expensive
substrates, unless
from a waste
stream,
which
has been prefermented
and
separated, which
will incur costs.

Can be more
easily
integrated with
low
grade
biomass
and
wastes
as
substrates with
cheaper costs.

Possibly
easier
down-stream
processing of PHA
as pure culture cells
are easier to break
open to extract PHA.

Maintaining
sterile conditions
energy
requirements and
equipment costs

No
sterile
conditions need
to
be
maintained.

PHA from pure
culture fermentations
and
single
and
defined
substrates
are more suitable for
specific
purposes
such as medical due
to higher level of

Fragile process
due
to
contamination
possibilities and
genetic change.

More stable process
due
to
non
competition
from
other species.
More controlled, and
possibly easier to
understand kinetics
and build models
and
optimise
performance.
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Disadvantages
Comparatively
unstable due to the
presence
and
competition
of
various species and
the long enrichment
process.
Also, there may be
challenges in the
ability to separate
feast and famine
cycles
unless
substrates
pretreatments
and
separations
can
occur, which will
then add to the cost.

-

Possibly
more
expensive
downstream processing as
wild cells are more
resistant to breaking
open to extract
PHA.
PHA from mixed
culture
fermentations may
be less suitable to
specific
PHA
applications
e.g.
medical purposes or
even food packaging
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purity and product
quality.

due to possible
contamination.

The use of recombinant organisms have advanced and have been industrialized for
increased PHA production. E. coli has been one of the ideal hosts since growthrelated PHA production is likely (Akaraonye et al., 2010). PHA production using
recombinant E. coli has also been frequently carried out industrially because of its
fast growth, ease of genetic manipulation, ability to synthesise different carbon
sources and ability to achieve high cell densities (Chen et al., 2009).

2.7 PHA production using different feedstocks and nutrients
Extensive use of PHAs has been prevented due to their relatively high production
costs as compared to their counterpart oil-based plastics (Choi and Lee, 1997). The
major obstacle in PHA commercial and industrial production is its high production
cost, which then limits their use to high value applications (Albuquerque et al.,
2010a). Approximately 40 - 48% of total PHA production costs are held up by raw
materials, which in terms of the carbon source supply, accounts for an approximate
70 - 80% of that (Choi and Lee, 1997). In recent years, much research has been
directed towards the development of using low cost substrates from industrial wastes
and by-products. This section critically reviews the production of PHAs using a
variety of organic and inorganic feedstock and nutrients from pure and mixed
bacterial cultures. However, for mixed cultures, only low cost organic feedstocks
have been primarily and extensively investigated.
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2.7.1 PHA production using inorganic feedstock
PHA production from inorganic sources has mainly been limited to pure culture C.
necator. It has been demonstrated that C. necator can assimilate CO2 with the
oxidation of hydrogen to produce PHA (Khanna and Srivastava, 2005a, b). C.
necator being a chemolithoautotrophic bacterium is able to grow using a mixture of
hydrogen, oxygen and carbon dioxide as substrates for biomass growth and polymer
accumulation. Repaske and Mayer in 1976, in their studies with A. eutrophus showed
that dense cultures (CDW 25 g/l) grew readily and autotrophically at 31°C under a
gas atmosphere of H2, O2, and CO2 (7:2:1) and PHB could be synthesized from the
same under certain quantitative nutrient requirements.
Ishizaki and Tanaka (1990 and 1995) studied the characteristics of PHB production
from carbon dioxide by an autotrophic culture of Alcaligenes eutrophus ATCC
17697T using a recycled gas closed circuit culture system under the condition of
oxygen limitation. Cell concentration increased to more than 60 g/l after 60 h of
cultivation, while the PHB concentration reached 36 g/l. However, in this system, O2
concentration of the used substrate mixture was 10 - 15%, which was within the gas
detonation range H2, O2, and CO2 (7:1:1), posing a serious risk to working
conditions.
To eliminate this danger, the oxygen gas concentration in the system was reduced
below the lower limit of explosion without reducing the rate of gaseous mass transfer
in the system. This study was undertaken by Ishizaki and Tanaka (1993) where they
used a gas mixture at H2: CO2 = 9:1 in a specially designed bench scale fermentation
system with several safety devices and a specially designed agitation system for
explosive gases. Their study showed that a gas mixture involving hydrogen, carbon

30

Chapter 2

dioxide and oxygen did not explode below 6.9% oxygen. Maximum PHB
productivity was 2.84 g/dm3/h at 24 h of cultivation. However, this study
encountered serious foaming problems that resulted in broth loss and blockages and
the antifoam agents used by the researchers seemed too sensitive to the bacterium.
Ishizaki and Tanaka (1994) continued their studies on the production of PHB from
CO2, H2 and O2 by high cell density autotrophic cultivation of A. eutrophus and
investigated a specially designed agitation system applied to their bench-plant scale,
recycled gas, closed-circuit culture system to gain a high volumetric coefficient of
oxygen transfer (KLa) value without concurrent increase in energy consumption.
After 40 h of fermentation 61.9 g/dm3, the PHA obtained was at a KLa value of
2970/h.
However, the above study had foaming problems at higher cell concentrations in the
culture, which caused loss of broth due to overflow issues. The addition of 0.01%
carboxymethylcellulose (CMC) in the culture medium increased oxygen transfer
rate, PHB productivity rate and did not cause overflow of the culture broth as
investigated by Ishizaki and Tanaka in 1996. With a gas mixture of the ratio CO2:
H2: O2 = 10: 85: 5 and an air lift fermenter, the final PHB content was 81.4% (w/w).
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2.7.2 PHA production using organic feedstocks
The general principle is that PHA production is instigated by surplus soluble carbon
source e.g. high cost carbon sources such as glucose, sucrose among others or lower
cost carbon sources such as domestic and industrial wastes or fermentation products
such as VFAs with a parallel macronutrient constraint (typically nitrogen or
phosphorus), a limitation in a terminal electron acceptor (typically oxygen), or a
feast–famine environment. These cause the microorganisms to realize a transient
excess of soluble carbon (Dionisi et al., 2004). This sub-section has been further
divided into using organic feed by pure culture bacteria and mixed bacterial cultures
for PHA production.

2.7.2.1 PHA production using mixed bacterial cultures utilising organic
feedstock
Most mixed culture studies use sequencing batch reactors (SBRs) for bacterial
culture selection and/or culture enhancement for PHA production, which is then
followed by batch or fed-batch fermentations for PHA accumulation (Albuquerque et
al., 2007; 2010a, b; Johnson et al., 2009; 2010b). Many studies have been conducted
on optimising several parameters such as pH, temperature, hydraulic retention time
(HRT), organic loading rate (OLR), among other parameters. However, these
optimisations have been with regards to the SBR stage of culture enrichment and not
PHA accumulation. Hence, this aspect has not been discussed in great detail. Much
focus has been on PHA accumulation from mixed cultures (as detailed below) and
the affecting parameters and optimisation of the PHA production process (section
2.8).
32

Chapter 2

Production of PHA has been demonstrated from a number of low economic-value
substrates, for example, food waste (Rhu et al., 2003), tomato cannery wastewater
(Liu et al., 2008), municipal wastewater (Chua et al., 2003), molasses (Albuquerque
et al., 2007; 2010a, b) and a number of others e.g. Bengtsson et al., 2008; Dionisi et
al., 2005, with most studies being conducted on waste water sludge (Coats et al.,
2007; Mengmeng et al., 2009 and many more detailed below). Significant research
however, has been carried out on PHA production by mixed cultures using synthetic
organic acids such as acetate, propionate, butyrate and valerate as studied by, for
example, Beccari et al., (2002); Dionisi et al., (2004); Lemos et al., (2006); Serafim
et al., (2004), etc.
Chua et al. (2003) studied PHB production by activated sludge treating municipal
wastewater. Sludge adapted with synthetic acetate-supplemented municipal
wastewater could produce PHA up to 31% of sludge dry weight, while sludge
acclimatized with municipal wastewater only achieved 21% of PHA content,
emphasising the addition of synthetic VFAs to achieve higher results.
Johnson et al. (2009), reported PHA production up to a cellular content of 89 wt%
under growth limiting conditions within 8 h in a fed-batch experiment. This is the
highest % cellular PHA reported for mixed cultures. This culture was an enriched,
mixed bacterial culture originating from aerobic activated sludge from Dokhaven
waste water treatment plant in Rotterdam, Netherlands.
A maximum PHA content of 48% sludge dry weight was achieved from activated
sludge treating paper mill waste water and the three stage process designed by the
study of wastewater acidogenic fermentation, enrichment of PHA accumulating
organisms and batch experiments for
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PHA production exhibited a potential to produce up to 0.11 kg PHA per influent
COD treated (Bengtsson et al., 2008).
In 2007, Albuquerque and co-authors demonstrated a direct link between the type of
organic acids fed and the polymer composition. The maximum storage yield obtained
(with fermented molasses produced at pH 5) corresponded to a polymer yield on
molasses of 0.22 g PHA/g molasses (0.26 g PHA/g COD) and to a volumetric
productivity of 0.43 g PHA/L/h which stands well among similarly reported results
for low cost substrates. However, VFA consumption profiles are different for
synthetic (acetate) and complex substrates (molasses). Molasses as a substrate
showed lower uptake rates and hence the maximum time of PHA accumulation could
never be determined since acetate inhibition could never be completely overcome in
this study. Albuquerque et al. (2010a) reported a PHA maximum of 74.6% by highly
enriched PHA-storing bacterial culture (with reported capacities upto 88% w/w) with
fermented molasses as the feedstock. This study however, gave no insightful
explanation of the lower PHA storage performance for the culture enriched at lower
VFA concentrations.
A study using fermented sugarcane molasses as substrate for PHB production by
mixed cultures enriched in glycogen accumulating organisms by the three stage
process gave a yield of 0.47 - 0.66 Cmol PHA/Cmol VFA of total carbon substrate
(Bengtsson et al., 2010). However, Jiang et al. (2011) reported that glycogen
accumulating organisms were not the best option in mixed culture fermentation for
PHB production due to the mixture of other storage compounds like poly-phosphate
and/or glycogen which in turn reduces the maximum PHA that can be obtained.
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A maximum PHA content of 56.5% of CDW was obtained by Mengmeng et al.
(2009) by optimising the PHA production in activated sludge by VFAs that were
generated by the fermentation of municipal waste water under anaerobic,
thermophilic and alkaline conditions. However, this study was conducted on
fermentations run at pH 10 - 11 to prevent methane production and literature
suggested that maximum PHA was accumulated at pH 7 (Bengtsson et al., 2008;
Berezina, 2012; Cavalheiro et al., 2012; Johnson et al., 2009 and many more).
Mohan et al. (2010) studied the production of PHB using aerobic consortia from an
operating activated sludge process (ASP) handling composite wastewater from
domestic and industrial origin and VFAs and fatty rich effluents from a bio-hydrogen
reactor. VFA-rich effluents yielded higher PHB productivity (25% w/w) especially at
lower substrate loading conditions of 2.91 kg COD/m3day. The authors mentioned
that maximum PHB productivity was observed at 24 h of operation but did not refer
any more details.
A study on PHA production from enriched mixed microbial cultures using crude
glycerol (a by-product of biodiesel production) as substrate by Dobroth et al. (2011)
concluded that enriched MMC produced PHB in the range of 37-59% w/w. Crude
glycerol is carbon rich, however, it is poor in macronutrients and coupled with the
excessive foaming observed, could pose a potential problem in a large scale process,
the solution to which was not addressed in this study.
As seen in above studies and observed in all related literature so far with complex
feedstocks, a major issue arises with acclimatization of the bacterial culture with the
feedstock in order to benefit from maximum PHA production. Without such an
adaptation, which is a time consuming process, comparatively lower PHA production
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has been reported. Studies report maximum PHA attained in different units, example,
Cmmol, Cmol, % TSS, g/l, mg/l, % COD, % CDW and more (Bengtsson et al.,
2008; Berezina, 2012; Cavalheiro et al., 2012; Johnson et al., 2009; Mohan et al.,
2010; Repaske and Repaske, 1976; Zahari et al., 2012). A standard unit or procedure
to report the same does not currently exist and hence it is very difficult to establish
comparisons in the state of the art. It would be extremely helpful for comparison
purposes, if there was a standard unit for PHA yield, e.g., g/l, for all PHA related
research studies.

2.7.2.2 PHA production using pure bacterial cultures utilising organic
feedstocks
On supplying Pseudomonas oleovorans with mixtures of glucose and octanoic acid,
accumulation of P(3HB) and P(3HO) mixtures was noted while copolymers of
P(3HB-co-3HV) were produced during growth with nonanoic acid (Ashby et al.,
2002).

Crude

Jerusalem

artichoke

hydrolysates,

residual

after

solid-state

fermentations to produce fructose and glucose, were used as fermentation broth for
PHA production from Aspergillus awamori (Koutinas et al., 2013). Maximum PHA
yield of 52% was reported in this study. Xu et al.(2010) reported a total dry weight
of 93% PHA when Wautersia eutropha (C. necator) was cultivated on wheat-based
media (wheat hydrolysates and fungal autolysates) as a proposed biorefining
strategy.
Du et al. (2012) have summarised all the recent low-cost organic feedstocks for PHA
production namely molasses, whey, fats, waste oils, wastewater and glycerol from
many different bacteria. A study on the use of plant oils like olive oil, corn oil and
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palm oil as substrates for PHB production stated to yield approximately 80% dry cell
weight P(3HB) of CDW from C. necator (Futui and Doi, 1997).
In 2010, Wang and his co-workers designed a model describing the production of
PHAs from a mixture of VFAs using C. necator emphasising on the substrate
inhibition, cell growth, maintenance and PHB formation simultaneously. Hafuka et
al. (2011) assessed the potential for PHB production using C. necator from filtered
fermented food wastes. In an experiment conducted by Daneshi et al. (2010) to
produce PHB from corn syrup using C. necator, a valuable product from starch
industries. Nitrogen limitation in a defined medium resulted in a PHB content of
0.224 g/l/h. Corn syrup was also found to be an agricultural by product suitable
enough to be a nutrient source to develop biomaterials through biotechnology.
Cavalheiro et al. (2009) showed that C. necator was able to grow and accumulate
PHB using crude glycerol derived from the biodiesel industry as a primary carbon
source. A maximum productivity of 1.1 g PHB/l/h was reached when nitrogen
limitation was imposed on the culture after PHB accumulation had started.
Of the organic feedstocks mentioned above, some have additional limitations such as
increased oxygen utilisation due to the accumulation of microorganisms utilising the
feedstock, when they have been used to provide hydrolysis and acidogenesis stages
prior to PHA accumulation (Akaraonye et al., 2010). Some of the feedstock is also
likely to lack appropriate concentration of nutrients and trace elements and this may
further contribute to low polymer production.
Residual digestates that have served the purpose of producing methane could be used
as culture media for PHA production whilst establishing nutrient concentration and
recovery facilities at the same time. Recent developments in membrane separation
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technologies have made it possible to separate and recover products from digestates,
with these technologies being more cost efficient (Fuchs and Drosg, 2010). The
novel use of micro filtered digestates as culture media was compared to conventional
nutrient media, for the production of PHA from pure culture C. necator was
investigated and the results are presented in Chapter 7.

2.8 PHA process control and optimization
The study of control parameters of the PHA production bioprocess and their
optimisation are essential not only to have high cell density bacterial culture growth
with high polymer accumulation, but also for better understanding of the bioprocess,
which can contribute to high product levels, maximum product recovery and cost
effectiveness of the process.
For maximum PHA production, various parameters such as choice of type of
fermentation, pH, temperature, dissolved oxygen concentration and stirring speed,
feedstock, substrates and their feeding regimes, harvesting time, C: N and C: P ratios
are crucial and many studies have been conducted in an aim to optimize these
parameters with respect to many PHA producing bacteria. This section reviews the
latest process control and optimisation strategies for PHA production, especially with
respect to bacterium C. necator.
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2.8.1 Modes of fermentation
For the production of PHAs, fermentation modes such as batch (Mohan et al., 2013;
Valappil et al., 2007), fed-batch (Albuquerque et al., 2010a, b; Johnson et al., 2010a,
b), continuous (Jung et al., 2001) and solid-state fermentations (Oliveira et al., 2007)
are known to be employed.
Batch fermentations have been found not to be as ideal as other modes of
fermentations for the production of PHA, especially for microorganisms that cannot
survive in nitrogen limiting conditions very well e.g. Pseudomonas oleovorans
(Preusting et al., 1993). Fed-batch fermentations are considered to be the most ideal
mode of operation for PHA production due to high bacterial growth and PHA
accumulation achieved by balancing substrate feeding and substrate utilisation and
thereby controlling the medium composition (as reviewed by Akaraonye et al.,
2010). Continuous fermentations (single or multi-stage) are suitable for
microorganisms with specific growth rates (Braunegg et al., 1995), whereas solidstate fermentations have been reported to yield polymers with a low degree of
crystallinity (Oliveira et al., 2007).

2.8.2 pH
Most PHA accumulation studies using pure and mixed bacterial cultures in batch or
fed-batch fermentations, were carried out at neutral pH (pH 7 ± 0.2) e.g. Bengtsson
et al., 2008; Berezina, 2012; Cavalheiro et al., 2012; Johnson et al., 2009; Mohan et
al., 2010; Repaske and Repaske, 1976; Zahari et al., 2012, and many more, with a
PHA production of 40 - 85% of the CDW.
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Chua et al. (2003) studied the effect of pH on the PHA content using acetate as the
substrate. They found that, through controlling the pH at 6 - 7, the PHA content was
lower (less than 5%) than at pH 8 - 9 (25–32%). However, they could not explain
why, but suspected it was due to the undissociated acid and the particular bacterial
strains in the activated sludge. In addition, for PHA production capacity, the sludge
acclimatization under pH 7 did not differ from that of under pH 8 (Chua et al., 2003).
Qu and Liu (2009) reported that PHA accumulation from activated sludge was not
sensitive to pH in the weak alkaline condition of pH 7-10, but was massively affected
in the weak acidic range of pH 6-7, when fed with acetate. This was due to acidinhibition in the pH range of 6-7, wherein majority of the acetate was in the form of
undissociated weak acid molecules, which could cross the cell membranes and
acidify the cytoplasm (Qu and Liu, 2009). Some studies have also reported PHA
accumulation at different pH. For example, Albuquerque et al. (2010b) studied PHA
batch accumulation assays at pH 8 and reported 61% PHA content using mixed
cultures and Mengmeng et al. (2009) studied PHA accumulation at pH 8.1-8.6
(uncontrolled) and reported 56.5% PHA. pH is an important parameter for culture
selection in mixed microbial cultures, however, that would not be the focus of this
review. pH-controlled carbon feeding regime will be discussed in section 2.8.5.

2.8.3 Temperature
A temperature of 30 ± 2°C was found to be most reported for PHA accumulation
from both, pure and mixed bacterial cultures (Bengtsson et al., 2008; Karbasi et al.,
2011; Khanna and Srivastava, 2006; Mohan et al., 2010; Yan et al., 2003; Zahari et
al., 2012 and more). However, temperature as a parameter is extremely dependent on
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the bacterial culture being used. The reactor temperature was found to be an
important factor to consider when designing a mixed culture PHB production
process, in the SBR step, with most studies carried out the culture selection process
at 20 ± 2°C (Albuquerque et al., 2010a, b; Mengmeng et al., 2009).

2.8.4 Dissolved oxygen (DO) concentration and stirring speed
DO concentrations are usually controlled with respect to the stirring speed and/or
aeration rate. When the DO concentration was maintained at 20%, with the stirring
speed and air aeration at 1600 rpm and 3 l air/min, respectively, a PHA accumulation
of 50% was reported using waste glycerol and C. necator (Cavalheiro et al., 2009).
DO concentrations of 80% maintained by the stirring speed and oxygen aeration set
at 250 rpm and 2 l/min, respectively, yielded a max PHA accumulation of 56.5%,
attained from municipal wastewater sludge fed by VFAs (Mengmeng et al., 2009).
Stirring speed is also known to be an important parameter in PHA accumulation
studies. The stirring speed not only ensures homogenous mixing and heat distribution
in the culture but also provides increased oxygen transfer in the medium (Zahari et
al., 2012). A maximum PHA accumulation of 44% was reported for C. necator from
oil palm frond juice with the aeration and stirring speed set to supply 30% DO
concentration which was 4% higher than when the than when the stirring speed was
set to 220 rpm (Zahari et al., 2012).
Hence, it seems that even though DO concentration and stirring speed are important
parameters, they are variables that require much optimising with respect to C.
necator.
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2.8.5 Carbon source feeding regimes and carbon to nutrients ratio
The conversion and the efficiency of the rate of the conversion of the carbon source
in to PHA will depend on various factors, such as pH (Qu and Liu, 2009),
temperature, type of fermentation, C:N and C:P ratios (Johnson et al., 2010a, b) as
well as feeding regime of the carbon source.
Optimization of nutrient feed and feeding pattern for fructose (carbon source) was
conducted using model based fed-batch fermentation for R. eutropha NRRL B14690.
(Khanna and Srivastava, 2005b; 2006). The feeding strategy included nitrogen
feeding at the rate of 70 ml/h starting from 20 h for a period of 10 h and then fructose
feeding at the rate of 80 ml/h starting from 24 h for a period of 10 h. This excess
nitrogen in the growth phase and limiting nitrogen and excess carbon in the PHA
accumulation phase of the fermentation gave a total PHA content of 14 g/l at 50 h of
fermentation.
Pulse feeding of the carbon source is another commonly used feeding strategy, since
it allows overcoming of the potential substrate inhibition. Albuquerque et al. (2010b)
used a pulse-wise feeding technique maintaining the influent substrate concentration
of 60-120 Cmmol VFA/l and found that the mixed microbial culture attained a
maximum of 61% PHA. Cavalheiro et al. (2012) also reported pulse feeding of the
carbon source during fed-batch experiments for C. necator at the beginning of the
accumulation phase, which allowed for the desired composition of the PHA to be
produced. Mengmeng et al. (2009) used multiple pulse feeding of VFAs, and added
each pulse when the previous pulse of substrate had been consumed which resulted
in 56.5% PHA. Jiang et al. (2009) used a fermentation effluent from waste sludge as
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a carbon source for the biosynthesis of PHAs under different feeding regimes and
found that the synthesis rate of PHAs with a multiple feeding pattern was higher than
a single feeding.
Pulse feeding based on DO concentration control is commonly used based on the
theory of creating an oxygen deficiency after bacterial growth to trigger and promote
PHA accumulation. Karlsson (2005) studied PHA accumulation using fermented
high temperature and pressure hydrolysed activated sludge based on pulse feeding of
VFAs as controlled by the DO concentration. A new pulse of VFA was fed when the
DO level reached a pre-determined ratio. Johnson et al. (2010a) and Serafim et al.
(2004), also used similar DO based pulse-feeding techniques. Serafim et al. (2004)
showed that activated sludge subjected to alternate dynamic feeding conditions for 2
years could accumulate PHB up to 65% CDW using 180 Cmmol/L for acetate (=
4.32 g/l for acetate) as the carbon source in one pulse feed. Serafim et al., (2004)
stated that ammonium was an important parameter in the ‘‘feast” and ‘‘famine”
processes for PHB production and its control was vital to PHB production. At a low
ammonium concentration, the amount of PHB produced increased linearly with the
increasing substrate concentration, while a higher substrate concentration resulted in
a decrease in PHB storage rate, credited to the substrate inhibition and the slowing of
the microbial metabolism.
pH controlled feeding of the carbon source has been found to be also a very effective
regime for high PHA production (Choi and Lee, 1999; Sugimoto et al., 1999; Tsuge
et al., 1999; 2001). Dias et al. (2006) reported effective feeding based on pH-control.
In an uncontrolled fermentation, the pH increases due to uptake of organic acids and
hence, pH control based feeding is especially effective since the VFA can be used as
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acid control for maintain pH. The VFA-pH slope has also been reported to correlate
linearly with the C: N ratio in feeding for many experiments, and has the potential to
be used for monitoring of carbon source and ammonia for purposes of limitation
(Dias et al., 2006).
Albuquerque et al. (2011) and Chen et al. (2013) have also studied the effect of
feeding regimes in mixed cultures for VFA as the carbon source. However, no study
has been carried out related to the effect of feeding regime in pure culture of C.
necator for PHA production.
The influence of the C:N ratio was studied by Johnson et al., 2010b who
experimented with different degrees of carbon and nitrogen limitation on the
functioning of acetate fed SBR used to enrich PHA storing bacteria. A medium C:N
ratio of 6 - 13.2 Cmol/Nmol showed higher acetate uptake rates and better PHB yield
(Johnson et al., 2010b). However, at low SRT (0.5 day), rapid bio-film formation
was a major problem.
Hafuka et al. (2011) assessed the potential for PHB production from filtered
fermented food wastes and showed that the continuous-feeding regime among the 1pulse feed and stepwise feed regimes seemed to have been the most suitable for
effective PHB production, with a yield of 87% PHB in dry cell weight due to a
higher C:N ratio. However, in this study, the C:N ratio was only stated for the 1pulse feed fermentation and not the other feeding conditions.
The minimum saturating concentrations for the growth of the bacterium, C. necator
for iron, magnesium, sulphate and phosphate have been stated to be 10-5 M, 10-4 M, 8
x 10-5 M and 5 – 6 x 10-4 M, respectively (Repaske and Repaske, 1976). Above these
levels, the nutrient were said to have no effect. A detailed investigation of the
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nutrients ratios with respect to filtered digestate liquors, have been presented in
Chapter 7.

2.8.6 Enhancers for PHA production
A number of previous studies have indicated that external stress on certain bacteria
may increase PHA accumulation, as a means of coping with the stress conditions.
Additions of certain chemical compounds have known to enhance PHA production.
External stress has been previously applied by some heavy metals (Kamnev et al.,
2007) and by chemicals such as ethanol and hydrogen peroxide (Obruca et al.,
2010a). Gomaa (2014) reported an 8% and 10% rise in PHA production for B.
subtilis and E.coli, respectively when 1% ethanol was added to the molasses
medium. NaCl stress in Rhizobium had been previously investigated and found that
changes in the osmolarity of the peripheral environment could induce a new set of
protein expressions that are different from those brought on by heat stress. This stress
response has helped the cells overcome osmotic stress and aided acclimatization at
high osmotic pressure (Natarajan et al., 1995a).
Cavalheiro et al., (2009) showed that C. necator was able to grow and accumulate
PHB using crude glycerol derived from the biodiesel industry as a primary carbon
source. A maximum productivity of 1.1 g PHB/l/h was reached when nitrogen
limitation was imposed on the culture after PHB accumulation had started. However,
the authors had no explanation to why this might have happened. Considering that
crude glycerol contains 3% w/w of Na+ and that extra crude glycerol was added to
the culture in a failed attempt to generate more biomass, the potential of sodium
toxicity cannot be ignored. The presence of excess sodium ions has been shown to
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have negative effect on growth rate and polymer yield of C. necator (Cavalheiro et
al., 2009).
A bacterial strain of Zobellella denitrificans had been isolated, which was suitable
for PHA production using contaminated glycerol (Ibrahim et al., 2009b) and
achieved the maximum PHA accumulation in the presence of 20 g/l of NaCl
(Ibrahim et al., 2009a). Glycerol produced from the biodiesel industry contaminated
with 5.5% NaCl was found however, to have caused an approximately 30% decrease
in PHA production by C. necator strain JMP 134 and Paracoccus denitrificans when
compared to that of pure glycerol (Mothes et al., 2007). Based on the literature cited
above, it seems that depending on the type of bacteria and possibly dependent on the
carbon source, various sensitivities to NaCl have been found.

2.8.7 Screening and monitoring PHA accumulation and harvesting
The examination or screening of PHA accumulation has usually been carried out
using microscopy for many bacterial species. The use of stains such as Sudan black,
Nile red or Nile blue for PHA examinations are frequently carried out, after which,
the stained cultures are examined using microscopy (Bengtsson et al., 2008;
Santhanam and Sasidharan, 2010), polarising optical microscopy (POM) (Oliveira et
al., 2007), fluorescence microscopy (Cavalheiro et al., 2012; Kitamura and Doi,
1994; Oshiki et al., 2011; Zuriani et al., 2013), scanning electron microscopy (SEM)
(Cavalheiro et al., 2012) and transmission electron microscopy (TEM) (Jendrossek et
al., 2007; Sangkharak, 2008; Tian et al., 2005).
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PHA quantification is usually performed using gas chromatography by esterification
(Daneshi et al., 2010; Hafuka et al., 2011; Johnson et al., 2009; Khanna and
Srivastava, 2005a; 2006) or methanolytic decomposition (Albuquerque et al., 2010a,
b; Chua et al., 2003; Serafim et al., 2004; Zahari et al., 2012). However, most of
these methods for PHA monitoring and quantification are performed through offline
analyses which require samples to be taken frequently (every 2 to 6 h) in order to
monitor the accumulation and sample processing that can take upto 3 h in the case of
UV or GC based methods.
Recently, Oshiki et al. (2011) developed a rapid online quantification method based
on the fluorescence measurement of PHA stained by Nile Blue A. This study
reported online monitoring of PHA concentration in activated sludge and showed a
good correlation (R2 > 0.97) between the PHA concentrations as determined by gas
chromatography and by the fluorescence intensities. However, the study reported
interferences of pH, floc size and co-existing chemicals on the fluorescence
intensities and stated that the method may not be suitable for mixed cultures.
In the study from Chua et al. (2003), PHA production rate was only calculated by the
data obtained in the initial 6 h, and PHA analyses samples taken only at 0 h, 6 h and
24 h, thereby giving a margin of error to estimate the maximum harvest time for
PHA and its quantity. In the study by Cavalheiro et al. (2009), the authors stress the
need of establishing an appropriate PHB harvesting time, however, no further
suggestions seem to have been made on how it could be improved.
There are currently no real time monitoring methods to determine the optimum
harvesting time or the level of PHA accumulated by microorganisms. It is known
that if the PHA once accumulated is not harvested at the optimum time during the
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fermentation, cells start degrading it and PHA is consumed or released into the
medium, which then may not be recovered. This is expected to have a significant
repercussion on the efficiency of PHA production. In the study by Hafuka et al.
(2011), there was a drop of approximately 50% in PHA concentration with the
medium between 40 - 50 h of fermentation. Xu et al. (2010) presented transmission
electron microscopy images of the cells at different times during fermentation, which
showed an increased PHA granule formation during glucose consumption, however
when glucose consumption was stopped but fermentation was not stopped, cells were
autolysed releasing PHA into the media. It was also observed that some cells, which
were not autolysed, were free of PHA at a later stage, which indicated that cells
might have consumed PHA granules for maintenance.
Another possible technique that could be used to assess the growth and PHA
accumulation profiles in bacteria is biocapacitance. This technique has been used in
monitoring of yeast and mammalian fermentations (Bryant et al., 2011, Patel et al.,
2008).
All of the above could provide significant advances and would make the PHA
production significantly more reliable, efficient and cheaper.

2.9 Downstream Processing of PHA
This section will focus on the different PHA extraction and recovery techniques for
the isolation and purification of PHA from microbial cells.
PHA downstream processing contributes to a huge cost factor in a large scale PHA
process. Hence, the selection of a competent method is highly necessary and depends
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on a few considerations, such as, the bacterial strain used, desired purity of final
product and effect of chemicals (if being used) on the molecular composition of the
polymer (Koller et al., 2010). The extraction of PHA from biomass is an important
challenge because the presence of residues in the extracted polymer will affect its
purity and may severely cripple its value. In some cases, pre-treatment steps before
PHA extraction are also implemented in the form of heat (Kapritchkoff et al., 2006;
Steinbüchel, 1996), alkali treatment (Tamer et al., 1998b), salt (Khosravi-Darani et
al., 2004) and freezing (Berger et al., 1989; Hahn et al., 1994). Below are the three
main categories that PHA extraction techniques can be consolidated into:
 PHA extraction using solvents
 Chemical and/or enzymatic digestion of non-PHA materials in bacterial cells
 Mechanical disruption of the cells

2.9.1 PHA extraction using solvents
Solvent extraction is the most common method used due to the simplicity of the
process. Solvents help in PHA extraction by modification of the cell membrane
permeability that releases the PHA, followed by precipitation of the PHA by nonsolvents (Jacquel et al., 2008). Most frequently used solvents for PHA solubilisation
are chlorinated hydrocarbons e.g., chloroform, methylene chloride and 1, 2dichloroethane, cyclic carbonates e.g., ethylene and propylene carbonates and
ketones such as acetone (Baptist, 1962; Jiang et al., 2006; Lafferty and Heinzle,
1979). The most used non-solvents for the precipitation of PHA are methanol,
ethanol and hexane (Ramsay et al., 1994).
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Advantages: Solvent extraction techniques enable polymer recovery with a higher
purity, higher molecular weight and efficiency, suitable for medical applications
(Choi and Lee, 1999). They also cause none/negligible damage to the polymer
(Jacquel et al., 2008).
Disadvantages: The use of solvents involves high costs both, in terms of capital and
operations. Hence, it is used widely in laboratories, but limited in large scale
processes. It is not considered as an environmental friendly method (Byrom, 1987)
due to the large amounts of hazardous solvent needed. Also, it poses a risk to
personnel working with such toxic solvents (Gorenflo et al., 2001). In cases where
the biomass contains high amounts of PHB (>75% w/w), problems arise with the
viscosity of the extracted polymer solution, resulting in a lengthy separation process
(Kunasundari and Sudesh, 2011).

2.9.2 PHA extraction using chemical and/or enzymatic digestion methods
A number of chemical digestion methods exist for PHA extraction, which includes
the following:
 Surfactant - E.g. sodium dodecyl sulphate (SDS) and palmitoyl carnitine.
Surfactants work by fusing themselves onto the bacterial cell layer until it breaks and
PHA is released, after which they denature proteins and other non-PHA cellular
materials. Product purity of >90% has been reported by Kim et al. (2003) from R.
eutropha.
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 Sodium hypochlorite - Sodium hypochlorite is a strong oxidising agent and works
by digesting non-PHA cellular materials. Product purity of 86% has been reported by
Hahn et al., 1994 from R. eutropha.
 A combination of chemicals - E.g. digestion by sodium hypochlorite and
chloroform which protects the polymer from degradation, digestion by surfactants
and hypochlorite which again protects the polymer from degradation and maintain
polymer purity. Product recovery of 85-95% has been reported for various different
combinations (Jacquel et al., 2008).
 Chelate - Addition of a chelating agent is generally in combination with other
chemicals like surfactants or hydrogen peroxide. The chelate treatment accelerates
the rate of the release of microbial PHA by destabilizing the cell membrane. Product
recovery of upto 90% has been reported by Chen et al. (2001) from R. eutropha
using chelate-surfactant digestion.
 Proton - Protons are used in an aqueous solution for the disintegration on nonPHA cellular contents and the PHA is then crystallised. Product recovery of upto
95% has been reported by Yu and Chen (2006) from R. eutropha.
 Supercritical fluid - E.g. carbon dioxide. Their low viscosities, high densities
make them ideal as extraction solvents. Product recovery of upto 89% has been
reported by Hejazi et al., 2003 from R. eutropha.
Advantages: Surfactants can be used directly on the biomass without any pretreatment, and do not degrade the polymer in the process (Kim et al., 2003), whereas
sodium hypochlorite digestion results in higher purity of the polymer (Jacquel et al.,
2008). Using a combination of chemicals for digestion help accelerate the PHA
recovery process in many cases and also help minimize degradation to the polymer in
the process while maintain high purity of the polymer, e.g., the use of chloroform
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along with sodium hypochlorite for digestion, protects the polymer by solubilising it
(Hahn et al., 1993; Hahn et al., 1994). The use of chelates for digestion is known to
be a convenient method that results in high quality polymer (Chen et al., 1999),
while protons and supercritical fluid use are relatively new, simple and inexpensive
methods of digestion that enable a fast digestion with a high purity polymer (Jacquel
et al., 2008).
Disadvantages: Surfactants do not deliver high purity PHA and high surfactant
concentrations are known to create obstacles for their removal from waste water
(Jacquel et al., 2008), whereas sodium hypochlorite causes degradation in the
polymer resulting upto 50% loss in molecular weight (Berger et al., 1989). Using a
combination of chemicals and chelates for digestion also cause trouble in the waste
water treatment stages in addition to not being environmentally friendly (Chen et al.,
2001; Hahn et al., 1993; Hahn et al., 1994). The use of protons and supercritical
fluids for digestion can cause severe polymer disintegration if not controlled
accordingly (Jacquel et al., 2008).

A number of enzymatic digestion methods exist for PHA extraction, which includes
the following:
Proteases, among the enzymes have been especially used for cell lysis in order to
recover PHA (Yasotha et al., 2006). In a comparison between PHA extraction using
chloroform and the protease enzyme in S. meliloti, PHA purity was reported to be
66% and 94% for chloroform and protease, respectively (Lakshman and Shamala,
2006). Enzymes are also suitable for targeting protein disintegration and avoiding
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PHA degradation simultaneously. Enzymatic digestion is often coupled or followed
with a chemical digestion method in most large scale processes.
Advantages: Enzymatic digestion utilises mild and easier operating conditions with
good specific product recovery having high quality (Jacquel et al., 2008).
Disadvantages: The high cost of enzymes is the major disadvantage. Enzymatic
digestion is also a very complex process (Kapritchkoff et al., 2006).

2.9.3 PHA extraction using mechanical disruption
Mechanical disruptions to extract PHA comprise of the following methods, and in
some cases are associated with other chemical methodologies:
 Centrifugation and chemical digestion - Centrifuging the biomass in order to
concentrate it, is probably the oldest mechanical method used. The combination of
centrifugation along with a chemical digestion method such as sodium hypochlorite
has reported an 80% PHA recovery (Van Wegen et al., 1998).
 Bead mill disruption - The principle of a bead mill is the grinding action in a
vertical cylinder with an agitation rotor that transfers energy from the beads into the
bacterial cells, lysing them and releasing most cellular content along with PHA
(Tamer et al., 1998a, b). The PHA recovery or purity with this technique has not
been mentioned in previous literature.
 Homogenization under high pressure - Large scale cell disruption is usually
achieved through this method. PHB with 95% purity was recovered from pre-treated
Methylobacterium (Ghatnekar et al., 2002).
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 Ultrasonication - This method is usually used in conjunction with centrifugation
or as a pre-treatment followed by chemical digestion methods (Jacquel et al., 2008).
 Gamma irradiation - This method of cell disruption has reported PHA recovery of
55% in B. flexus when followed by solvent extraction techniques (Divyashree and
Shamala, 2009).
Advantages: PHA extractions using the bead mill, high pressure homogenisation,
ultrasonication and gamma irradiation require no chemicals and are less susceptible
to blockages and contaminations (Kunasundari and Sudesh, 2011).
Disadvantages: PHA extractions using the bead mill involve several passes of the
biomass which is a very time-consuming process, where as high pressure
homogenisation may cause thermal degradation to the polymer in addition to the
formation of cellular debris that may interfere in further downstream processing
steps. Ultrasonication and gamma irradiation involve a very high cost and are time
consuming processes (Kunasundari and Sudesh, 2011).

2.10 Biodegradation
This section will focus on the biggest advantage of biopolymers, i.e. their
biodegradability in the environment and also biodegradability in living systems.
One of the greatest commercial advantages that also differentiate PHA from
synthetic plastics is their biodegradation ability in the natural environment. It has
been reported that the molecular weight of the polymer (Reddy et al., 2003),
temperature and crystallinity (Tokiwa and Suzuki, 1977) and polymer composition
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(Doi et al., 1989; Lee, 1996a, b) determine the rate of biodegradation in addition to
pH, moisture, surface area, presence of additives and nutrients (Abe and Doi, 2002).
PHAs present in the environment are degraded by environmental microbes that
dissolve the polymer by secreting extracellular depolymerases in order to use the
solubilised constituents for their own needs (Doi, 1990; Holmes, 1985). Many PHA
producing bacteria degrade intracellular PHA using the enzyme depolymerase.
However, very little is known about this process since the enzymes are very
intimately associated to the PHA granules, the mechanisms seemed to be complex
(Dawes and Senior, 1973; Merrick and Doudoroff, 1964; Towaika and Calabai,
2004).

2.11 Applications of PHA based polymers
The expanding command of sustainability is being reflected in the growing demand
for biopolymers. In the past 30 years, bioplastics have made a swift transition from
being an area of academic interest to commercial profit. There has been a 140%
increase in the number of publication in the last 5 years from 678 publications as
compared to the 282 publications in the past 30 years, underlining academic interest
in the field of biopolymers (Information from Web of Science) (Figure 4). The
production of biopolymers was approximately 1.2 million tonnes in 2011 and is
expected to increase upto fivefold by 2016 (EuBP market data, Report - 2012,
europeanbioplastics.org). The increasing applications of PHA are summarised below,
consolidated into two categories - low cost and high cost applications of PHA.
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Figure 4 - Increase in PHA related publications in the past 5 years

2.11.1 Low cost PHA applications
With the biopolymer market turning increasingly competitive, the low cost applicants
of PHA are on a rise that combines new technology and existing infrastructure to use
PHA instead of synthetic plastics in applications listed below:
 Packaging materials - This includes packaging films for bags, containers and
water resistant film coatings. It also includes disposable elements such as razors,
cups, diapers, feminine hygiene products, cosmetic containers such as shampoo
bottles, upholstery, surgical disposable garments, compostable bags and lids, many
of these manufactured by companies like Metabolix, Biomers, etc (Philip et al, 2007;
Reddy et al., 2003).
 Agricultural uses - This includes biodegradable pellets containing insecticides
and herbicides for a controlled release, PHA used as a carrier for bacterial inoculants
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that enhance nitrogen fixation in plants, mulch films, biodegradable films or coatings
for fertilizers, e.g., Nodax™ produced by Procter & Gamble (Philip et al., 2007).
 Chemical uses - This includes the production of chemicals such as
hydroxyalkanoic acids. PHAs can be depolymerised easily to produce acids such as
R-3-hydroxybutyric acid and can be further esterified to bulk produce many different
esters and derivatives (Akaraonye et al., 2010; Reddy et al., 2003).
 Miscellaneous uses - This includes PHA as a raw material in the production of
latex paints, adhesives, non-woven fabrics, additives, diaphragms, among others.
Blending together PHAs of different molecular weights helps improve properties and
reduce costs and lead to uses like fillers and coatings (Philip et al., 2007).

2.11.2 High cost PHA applications
High cost applications of PHA include those with emerging technologies and a
number of others are being researched.
 Medical applications - Most medical applications of PHA require an extremely
high, stringent and specific purity of PHA so that there are no adverse reactions to
the host. Medical applications of PHA include PHA used in tissue engineering, i.e.
PHAs like P(3HB), P(4HB), PHBV being extensively used as bone plates, surgical
sutures and surgical materials such as swabs and surgery dressing (Philip et al.,
2007). Tepha Inc (USA) leads the manufacturing of PHAs for cardiovascular uses
such as valves, stents, micro particulate carriers and many more, which are mainly
produced from FDA approved P(4HB) (Martin and Williams, 2003). PHAs are also
known to be used in regenerative medicine such as collagen sponges and gels, dental
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implants, (Akaraonye et al., 2010) and in veterinary medicine (for cattle) (Anderson
and Dawes, 1990).
 Pharmaceutical applications - PHAs are secure alternatives as drug delivery
carriers

because

of

their

novel

characteristics

of

biocompatibility

and

biodegradability. PHB has been used extensively as a drug carrier because it has
shown faster rates of solubilisation than PLA (Bissery et al., 1985). PHAs are also
known to be used as nanospheres for anticancer therapy (Akaraonye et al., 2010).
Investigations on the use of PHA as nutrition or energy supplements have also been
undertaken since PHA have been reported to trigger calcium channels in mammalian
cells (Chen, 2009).
PHA brands like BIOPOL, Nodax, and DegraPol are among the well known ones for
their industrial applications. There are also emerging applications of PHAs as
nanocomposites that are used as high performance fillers and films and compounds
such as drugs and drug carriers (Akaraonye et al., 2010).
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This chapter describes the fermentation media, the microbe used, the feedstocks and
operational regimes, controls and analytical methods used for all the experiments.
Four experimental phases were performed.

3.1 Microorganism and maintenance
The microorganism used in this study was C. necator DSMZ 545. It was obtained
from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ),
Germany. The freeze dried culture was rehydrated in sterilised nutrient media (5 g
peptone and 3 g meat extract per 1000 ml distilled water) at room temperature. The
culture was then grown in an orbital shaker at 30°C and 150 rpm for a period of 24 h.
After 24 h, it was mixed with sterilised 70% glycerol (Fisher Scientific, UK), which
functioned as a cryo-protectant. This culture mixture was then added to sterile 1.5 ml
vials and stored at -80°C until used and it served as an inoculum for all experiments.

3.2 Media
3.2.1 Culture media
Some initial studies used mineral media and tryptone soya broth as culture media.
Mineral media was prepared according to DSMZ as follows: 2.30 g KH2PO4, 2.90 g
Na2HPO4 x 2 H2O, 1.00 g NH4Cl, 0.50 g MgSO4 x 7 H2O, 0.50 g NaHCO3, 0.01 g
CaCl2 x 2 H2O, 0.05 g Fe(NH4) citrate, 5 ml trace elements solution and 980 ml of
distilled water. Fe(NH4) citrate was sterilised separately in 20 ml H2O (making up to
1 l of media in total) and then added to the medium to ensure complete dissolution of
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every nutrient. The pH was adjusted to 7.00 using 2M NaOH. The trace elements
solution was prepared as follows: Per 1000 ml distilled water, 0.10 g ZnSO4 x 7 H2O,
0.03 g MnCl2 x 4 H2O, 0.30 g H3BO3, 0.20 g CoCl2 x 6 H2O, 0.01 g CuSO4 x 2 H2O,
0.02 g NiCl2 x 6 H2O, 0.03 g Na2MoO4 x 2 H2O. All chemicals were from Sigma
Aldrich, UK and Fisher Scientific, UK.
Tryptone soya broth was prepared according to Verlinden et al., 2011 as follows: Per
1000 ml distilled water, 17 g tryptone, 3 g peptone, 5 g NaCl, 2.5 g K2HPO4 and 2.5
g D-glucose. The pH was adjusted to 7.00 using 2M NaOH. All chemicals were
sourced from Sigma Aldrich, UK and Fisher Scientific, UK.
Nutrient medium was used extensively for the experiments and was prepared using 5
g peptone (Sigma Aldrich, UK) and 3 g meat extract (Sigma Aldrich, UK) per 1000
ml distilled water. The pH was adjusted to 7 using 5M NaOH (Fisher Scientific,
UK). For nutrient agar plates, 15 g/l agar was added to the above recipe and plates
were prepared after the agar was cooled to about 50°C after autoclaving. The plates
were poured in a laminar air cabinet and stored at 4°C until used. Plates were not
stored for more than 10 days.
For the experiments that used nutrient media as the culture medium in a fermenter
setting, the medium was added to the fermenter with 2 ml antifoam (Antifoam 204,
Sigma Aldrich, UK) and the fermenter was autoclaved at 121°C, prior to the start of
the experiment.
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3.2.2 Nutrient medium as seeding inoculum medium
Nutrient medium was also used to prepare the seeding inoculum media for all the
experiments. The inoculum media size was maintained at 10% v/v of the culture
media for all experiments. A single vial of the stored bacterial culture was added to
the sterilised nutrient medium, prepared as per the recipe stated above in a side arm
bottle. This was cultivated for 18-24 h in an orbital shaker at 30°C and 150 rpm. This
was done in order to culture the initial concentration of bacterium, wherein the
bacteria were in a stationary phase with the optical density of 2.6-2.9. This starter
culture was then used to inoculate the fermenter, which marked the beginning of an
experiment.

3.2.3 Addition of sodium chloride to nutrient medium (culture medium)
For the fermentations with NaCl addition (as in Chapter 6) using 3.5, 6.5, 9, 12 or 15
g/l NaCl powder (Sigma Aldrich, UK), the salt was dissolved in the nutrient medium
before autoclaving. NaCl was not added to the seeding medium for any experiment.

3.2.4 Digestates as culture media
The digestates used in the experiments were collected from laboratory based
digesters. Single-stage and two-stage biohydrogen (bioH2) and biomethane (bioCH4)
digesters were used for the collection. Digestate 1 (D1) was from a single stage
digester operating on a simulated recipe of food waste. The digester was operated at
a 25 day HRT using an organic loading rate of 2.6 g VS/l.day. Digestate 2 (D2) was
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a mixture of 1:1 (v/v) of D1 and a digestate from a 2-stage (bioH2 + bioCH4) system
operating on wheat feed (Massanet-Nicolau et al., 2013). Both digestion systems
were operated for a least 3 HRTs to achieve consistent operation.
D1 and D2 were diluted 1:1 with deionised water, and left for 24 h to sediment. The
diluted digestate was passed through a mesh, with a 1.045 mm pore diameter, and
then micro filtered (pore size 0.22 µm). The filtered digestate was then acidified to
pH 3.00 with HCl, to avoid growth of bacteria as the digestates were not used
immediately. The pH was neutralised to 7.00 with 5 M NaOH before the start of the
experiment. Nutrient agar plates were plated with D1 and D2 to check for the sterility
of the media, which showed no viable aerobic bacterial growth. The nutrient agar
plates were prepared as follows. For every 1000 ml distilled water, 5 g peptone
(Sigma Aldrich, UK), 3 g meat extract (Sigma Aldrich, UK) and 15 g agar (Sigma
Aldrich, UK) were added and autoclaved. After cooling down to an approximate
temperature of 50°C, the agar was poured into sterile petriplates and kept at room
temperature until set. The plates were then refrigerated at 4°C until used. Unused
plates were not stored for longer than 7 days.

3.3 Carbon sources
Experiments were carried out using pure acetic and butyric acids (99%, Fisher
Scientific, UK). For the digestate experiments, a mixture of 1:1 v/v of pure acetic and
butyric acids was used. Single acids were used as the carbon source, unless stated
otherwise.
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3.4 Fed-batch fermentations and fermenter design and control
All experiments were carried out in a 5 L Biostat B plus fermenter (Sartorius Stedim
Biotech, Germany), as shown in Figure 5. Except for pH and DO, controlled in realtime by the Sartorius Stedim data acquisition software, and for the biocapacitance
and conductivity (Section 3.7), which were measured in real-time on continuous
basis, all the other analyses were performed off-line in triplicate unless stated
otherwise, using samples retrieved directly from the fermenter or in some cases using
stored samples frozen at -20oC for periods no longer than 2 weeks.
The temperature of the fermentation was controlled at 30°C with the in-situ
temperature probe (Sartorius Stedim), outer heating jacket and an in-situ cooling
finger provided with constant cold tap water supply.
The pH was controlled at 7.00 ±0.2 by acid and base additions. The pH was
determined by the in situ pH probe (Hamilton Company, Germany). The pH probe
was calibrated before every experiment, using fresh pH 4.00 and 7.00 buffers
(Hamilton Company, Germany). The pH was set to 7.00 with a control band of 0.20,
i.e., there would be no acid or base additions between the pH of 6.8 - 7.2. This was
done to ensure that the fermentations were not manipulated by constant acid and base
additions due to pH sensitivity. At the beginning of each experiment, the acid and
base pumps were calibrated to ensure the accuracy of the quantity of the acid and
base fed in.
The dissolved oxygen (DO) concentration was controlled at 40% in the cascade
mode with the stirring speed. Air in flow was kept constant at 2 l/min and the DO
concentration was set at 40%, while the stirring speed was variable to maintain the
above settings. DO was measured in-situ by the DO probe (Hamilton Company,
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Germany), which was calibrated before every experiment by setting the stirring
speed and air in flow to maximum at 500 rpm and 2 l/min, respectively. This was set
as 100% dissolved oxygen concentration. The electrolyte solution in the DO probe
was checked prior to every fermentation and was replaced as necessary.
DO, pH, temperature, acid and base feeding, stirring speed and air flow rate was
measured by the data acquisition software, which took readings every 30 seconds.

A

B

Figure 5 - 5 L Biostat B plus fermenter on its own (A) and in the fume cupboard
(Big Neat) during a fermentation run (B)

3.5 Bacterial cell harvesting
The 5 L culture broth was harvested either by centrifugation or by membrane
filtration as detailed below.
Centrifugation involved pouring the fermented broth into 4 x 600 ml centrifuge tube
and spinning at 4000 rpm for 30 mins at room temperature in the Sorvall Legend T
centrifuge (Thermo Scientific-Fisher, UK) and then discarding the clear supernatant.
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The biomass was collected from the base of the centrifuge tubs, which was then
freeze dried in a Mini Lyotrap freeze dryer (LTE Scientific Ltd., UK).
The Vivaflow 200 unit (Sartorius, UK) was used for membrane filtration. This was a
tangential flow filtration system in which the broth was passed through the 0.2 µm
filter with one outlet for the clear supernatant which was disposed and the other for
the concentrated broth which was led back into the fermenter. The broth was recirculated using a peristaltic pump (Watson and Marlow 323, UK) until the 5 litres of
fermented broth was concentrated to a volume of approximately 1 litre. This was
then centrifuged and freeze dried to recover the biomass. After the use of the
Vivaflow unit, the following steps were adhered to, in order to clean the unit,
maintain sterility and ensure reusability of the unit (as recommended by the
supplier). The unit was cleaned with distilled water for 30 mins, and then recirculated
with 0.5 M NaOH for 30 mins. The membrane was further washed with distilled
water again for 30 mins and finally filled with 10% ethanol. Parts of the unit were
sealed and the unit was stored at 4°C.

3.6 Soxhlet extraction of PHA
Soxhlet extraction using chloroform as the solvent was used for PHA extraction from
the cultured broth after the fermentation. A soxhlet extraction kit (Cole Parmer, UK)
(Figure 6A) was used with a cellulosic thimble placed inside the middle chamber.
The freeze dried biomass after the fermentation was added in the thimble, and the
thimble was covered with a filter paper in order to prevent the biomass powder from
being released out once immersed in the solvent. The bottom flask of the kit was then
filled with approximately 300 ml of chloroform and placed in a heating jacket on
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high heat. This setup was placed inside a fume hood with cold water running
constantly to the top condenser of the kit. The biomass was refluxed in chloroform
through this kit for approximately 6-8 h, after which the heat was turned off and on
cooling the chloroform, with the dissolved PHA in it, was collected in a flask. Cold
(refrigerated) hexane (Fisher Scientific, UK) was then added to the chloroform with
occasional stirring. The quantity of hexane added was upto 3 times the quantity of
the chloroform to ensure all the PHA precipitated (Figure 6B). This solution was
then left to settle overnight in a fume hood and PHA was left behind after the hexane
had evaporated.
Even though soxhlet extraction of PHA utilises solvents like chloroform and hexane
in considerable quantities, this method was chosen as it was preferred at the
laboratory scale due to ease of use and purity of PHA obtained.

B

A

Figure 6 - Soxhlet Extraction Kit (A) and PHA precipitated in hexane (B)
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3.7 Capacitance measurement
Capacitance (C) and conductivity (G) were measured in real-time on a continuous
basis using the Aber Instruments’ Futura probe (Figure 7). The probe was precalibrated by Aber Instruments. Before every experiment, the probe was left to
polarise for a period of 8 h and then zeroed before culture inoculation. Data was
acquired by Futura SCADA Software which frequency scanned the range 50 kHz to
20,000 kHz at 30 sec intervals over the experimental period. For the plotting of the
capacitance readings, an average of the readings every 15 mins was taken as used as
the final value for that time period.
The capacitance was measured in a dual frequency mode, i.e., a high frequency
(20,000 kHz) capacitance value was subtracted from the main measuring frequency
(607 kHz) capacitance value. This was done in order to eliminate the interferences of
the background and is further discussed in chapter 5.

Figure 7 - Futura Probe that measures capacitance and conductivity
(Image courtesy: Aber Instruments)
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3.8 Measuring optical density of samples (OD)
For optical density measurements (OD), samples were taken during the fermentation
and OD was measured by using 5 ml sample in a clean spectrophotometer tube and
measuring the amount of light scatter at 650 nm in the spectrophotometer (Hach DR
2800, US) against that of the blank (de-ionised water). The spectrophotometer was
first zeroed with de-ionised water and the samples were then measures. All samples
were measured in triplicate. An average of the three reading was considered as the
final value.
OD measurements were necessary because they indicated the increasing turbidity of
the culture, thereby indicating bacterial growth. While it may not be an accurate
measurement of growth rate, it gives a clear indication of increase in bacterial
growth. Apart from being a typical wavelength for bacterial measurements, 650 nm
was chosen as the wavelength because it gave similar stable readings with triplicate
samples as compared to other wavelengths of 550, 600, 620, 630, 670 and 695 nm.

3.9 Measuring cell dry weight (CDW)
For dry weight measurements, 1 ml fermentation samples were collected in
previously dried and weighed eppendorfs and centrifuged at 13000 rpm for 10 mins
in an Accuspin Micro R centrifuge (Fisher Scientific, UK). The cell pellet was
washed with distilled water and freeze dried in a Mini Lyotrap freeze dryer (LTE
Scientific Ltd., UK) and weighed in a balance (Balance GR-202, A&D Instruments
Ltd., UK). The difference in the weight of the eppendorf tubes before and after was
considered as the cell dry weight in mg/l units. All samples were measured in
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triplicate. An average of the three reading was considered as the final value and
converted to g/l units.
Cell dry weight measurements were necessary to be able to calculate the quantity of
biomass present at every stage of the fermentation and also to know the PHA% of
CDW. Freeze drying was chosen as a preferred method over heat drying, since the
effect of heat drying on polymer quality remains unknown.

3.10 Measuring Volatile fatty Acid Content (VFAs)
Volatile fatty acids (VFAs) were measured according to Cruwys et al., 2002. A gas
chromatography system (AutosystemXL, Perkin Elmer, UK) was fitted with a
headspace sampling unit (Perkin Elmer, HS40XL, Beaconsfield, UK), using a flame
ionisation detector (FID). A ‘Nukol’ free fatty acid phase (FFAP) column was used
(30 m x 0.32 mm) (Supelco Ltd, Poole, UK). The carrier gas used was nitrogen. The
oven was operated at a temperature and pressure of 190°C and 14 psi, respectively.
Various concentrations of acetic, isobutyric, n-butyric, propionic, isovaleric and nvaleric acids, from 0 - 1000 mg/l, were used for the GC calibration. The internal
standard used was 2- ethyl butyric acid and was made to a concentration of 1,800
mg/l.
Sample preparation was also followed according to Cruwys et al. (2002), except,
samples were diluted to ensure that the VFA results stayed within the measurable
limits of concentrations of 5000 mg/l for acetic acid and 1000 mg/l for all other
VFAs as a total VFA value of over 5000 mg/l were inaccurate using the undiluted
method. Samples were prepared for analysis by having diluting them with deionised
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water to make a final volume of 2 ml of the diluted sample. To this, 1 ml of NaHSO 4
and 0.1 ml of internal standard was pippetted into a 22.3 ml headspace vial. The vial
was then capped with HS PTFE/Butyl septa (Perkin Elmer, UK) and the vial was
crimped closed. Total Chrome Navigator was the software for the analysis.
VFA quantification was essential in order to establish the amount of VFAs present in
a given medium or left unconsumed in the medium, which indicated the consumption
and the rate of VFA consumption in the fermentation. The yield of PHA (g/g) was
also calculated by accounting the amount of VFA converted to PHA. The yield of
PHA was therefore calculated by dividing the weight of PHA produced (g) by the
VFA consumed (g).

3.11 Ion analysis
Ion chromatography was used to determine the concentrations of ammonia,
magnesium, phosphate, sulphate, potassium, nitrite, nitrate, sodium and chloride
present in the filtered digestate liquor after fermentation for PHA production. This
analysis was carried out by a colleague. Samples were analysed in duplicate.
Ammonia, potassium, magnesium and sodium were determined using a Dionex ion
chromatograph fitted with an Ionpac CS12A separation column. The eluent used was
20 mM methansulfonic acid (CH3SO3H), the detection method was suppressed
conductivity and a range of standards between 0 - 100 ppm were used to construct
the calibration curve.
Nitrate, nitrite, phosphate, sulphate and chloride were determined using a Dionex ion
chromatograph fitted with an Ionpac ICE-AS6 separation column. The eluent used
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was a mixture of 1.8 mM sodium carbonate (Na2CO3) and 1.7 mM sodium
bicarbonate (NaHCO3), the detection method was suppressed conductivity and a
range of standards between 0 - 100 ppm were used to construct the calibration curve.

3.12 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
ICP-AES was used to measure levels of 31 metals, such as copper, nickel, zinc, tin,
etc. This analysis was performed by the University of Wolverhampton. However,
sample preparation was conducted at the University of South Wales. Samples were
diluted 1:1 with distilled water, centrifuged for 10 mins at room temperature, filtered
using a 0.45 µm disposable filter and the supernatant was then sent for analysis. The
percentage of metal ions in the supernatant was determined by (ICP-AES)
(SPECTRO, UK). Samples were analyzed in triplicate.

3.13 Polyhydroxyalkanoate (PHA) quantification
PHA in a sample was quantified using a method developed by Law and Slepecky in
1960. In this method, the PHA was first converted to crotonic acid by heating it in
sulphuric acid and then checked for the amount of crotonic acid using ultraviolet
(UV) absorption. 1 ml of sample was taken in an eppendorf tube and centrifuged for
10 mins at 13000 rpm and 4°C in an Accuspin Micro R centrifuge (Fisher Scientific,
UK). The cell pellet was then subjected to 1 ml bleach for 1 h in a 37°C water bath to
lyse the cells open. The pellet was then washed with 1 ml deionised water and
centrifuged again for 5 mins at 4°C. 1 ml acetone (Fisher Scientific, UK) was added
for another wash and centrifuged for 5 mins at 4°C after which 1 ml absolute ethanol
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(Fisher Scientific, UK) was added and again to dry the cells and centrifuged for 5
mins at 4°C. To this, 1 ml boiling chloroform (Fisher Scientific, UK) was added to
dissolve the PHA present and centrifuged for 10 mins at room temperature. This step
was repeated thrice to ensure that pellet was well rinsed with chloroform and that any
PHA present had dissolved. After each step, the chloroform solution containing the
dissolved PHA was transferred into a 15 ml glass tube. The chloroform was then
evaporated from the tube by placing it in a heating block at 50°C and 10 ml
concentrated sulphuric acid (Fisher Scientific, UK) was added to the tube which was
heated to form crotonic acid. The solution was cooled and after through mixing, it
was measured at an absorbance of 235 nm in a Lambda 25 UV/VIS spectrometer
(Perkin Elmer, UK) against a concentrated sulphuric acid blank. The blank sulphuric
acid was also heated to 100°C for 10 mins and cooled to ensure similar conditions.
All samples were measured in triplicate.
The standard curve for this method was plotted using PHB (Sigma Aldrich, UK) at
the concentrations of 0, 25, 50, 100, 125, 250 and 500 mg/l measured at 235 nm UV
absorption. The Perkin Elmer Software was used for analysis with the measurement
carried out in the ‘quantification wavelength’ mode. Figure 8 is the standard graph
used for all PHA quantifications. Calculations were performed as follows
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y = 0.0017x
R² = 0.9889
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Figure 8 - PHA standard calibration

Due to the unsaturated α-β bond in crotonic acid, it has an absorption maximum at
235 nm in concentrated sulphuric acid and this property was used for UV
measurement. Even though this method is time consuming, it was chosen due to the
dedicated availability of the UV spectrophotometer at the time. Currently a GC
method for PHA quantification has been established, but was under development
during past periods of analysis.
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3.14 Experimental Regimes Methodologies
Four experimental regimes were accomplished with the view of studying and
optimising PHA production in C necator. The four experimental regimes were as
follows:
Experimental Regime 1 – Investigating environmental conditions and VFA feeding
regimes for optimal PHA production
Experimental Regime 2 – Monitoring of kinetics and biopolymer accumulation in C.
necator using dielectric spectroscopy for optimal PHA harvesting
Experimental Regime 3 - Evaluating the effect of trace metals and sodium chloride
on C. necator during growth and PHA accumulation
Experimental Regime 4 - Increasing PHA yields from C. necator by using filtered
digestate liquors

3.14.1 Experimental Regime 1 – Investigating environmental conditions and
selected VFA feeding regimes for optimal PHA production
For the investigations related to environmental conditions and selected VFA feeding
regimes in order to optimise PHA production (Chapter 4), the following
experimental regime was undertaken.
Shake flask experiments were carried out to determine an appropriate growth
medium for bacterium C. necator DSMZ 545. Triplicate 500 ml shake flasks were
used for this study. Nutrient medium, mineral medium and tryptone soya broth
medium were studied, since these three media have been primarily investigated in
literature and also suggested by DSMZ. After preparing the media according to the
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recipes stated in section 3.2.1, 200 ml of each medium was poured in each flask and
autoclaved at 121°C, prior to the start of the study. After cooling the flasks, an
inoculum vial (as stated in section 3.2.2) was added in each flask in a sterile
environment. This marked the start of the study. The flasks were kept at 30°C in an
orbital shaker at 150 rpm. Samples were collected at 0, 3, 6, 24, 26, 28 and 30 h and
were analysed for OD at 650 nm. Each sample collected was also plated on nutrient
agar plates to check for bacterial contamination and ensure the sterility of the study.
Shake flask experiments were also carried out to determine the optimum temperature
for bacteria C. necator DSMZ 545. Triplicate 500 ml shake flasks were used for this
study. Nutrient media at 25, 30 and 35°C was investigated. Other conditions of this
study were similar as stated above. Samples were collected at 0, 3, 6, 24, 26, 28 and
30 h and were analysed for OD at 650 nm and CDW. Each sample collected was also
plated on nutrient agar plates to check for bacterial contamination and ensure the
sterility of the study.
For batch experiments, the 5 L Biostat B plus fermenter (Sartorius Stedim Biotech,
Germany) was used, the description and control of which has been described in detail
in section 3.4. Nutrient media was used as the culture media in all of these
experiments. After sterilization of the fermenter, the DO probe was left for
polarization overnight. The DO and pH probe were calibrated prior to each
experimental run. For single pulse - fed batch experiments, the VFAs (99% purity,
concentrated acetic or butyric acid, Fisher Scientific, UK) were added using a sterile
syringe at 24 h of fermentation for the different concentrations 2, 3, 4 and 5% v/v. In
order to maintain the pH at 7.00 during these VFA additions, 5M NaOH was pumped
alongside via the pH control of the fermenter.
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For the fed batch fermentations, concentrated VFAs (99% purity, concentrated acetic
or butyric acid, Fisher Scientific, UK) were supplied automatically as pH control via
the pH control of the fermenter. pH control was set to pH was set to 7.00 with a dead
band of 0.20. Monitoring parameters were fed batch controls, cell harvesting, soxhlet
extraction, measuring OD, CDW, VFAs and PHA using the methodologies stated in
Sections 3.4, 3.5, 3.6, 3.8, 3.9, 3.10, and 3.13, respectively.

3.14.2 Experimental Regime 2 - Monitoring of process and biopolymer
accumulation in C. necator using dielectric spectroscopy for optimal PHA
harvesting
The investigations related to the optimum harvesting time for PHA production used
the Aber Instruments Futura Probe (Chapter 5) and the following regime was
undertaken. For all experiments in this study, the 5 L Biostat B plus fermenter
(Sartorius Stedim Biotech, Germany) was used and conditions similar to mentioned
in section 3.4. After sterilization of the fermenter, DO probe and the Future probe
were left for polarization overnight. The probe was zeroed before inoculating the
fermenter. At each step, the event was recorded on the Futura Software which then
supported the data analysis e.g. start, inoculate, feed etc. Bacterial growth and PHA
accumulation were monitored with feeds of acetic and butyric acids in individual
studies using single and dual frequency mode with the probe. Any pulse feed VFA
additions were performed with sterile single use syringes. Experiments were also
performed with hydrochloric acid instead of VFA as the acid in pH control, in order
to demonstrate that the increase in capacitance in the experiment was due to PHA
accumulation and not only bacterial cell growth. Monitoring parameters in addition
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to the biocapacitance probe (Section 3.7) were fed batch controls, cell harvesting,
soxhlet extraction, measuring OD, CDW, VFAs and PHA using the methodologies
stated in Sections 3.4 – 3.10, and 3.13, respectively.

3.14.3 Experimental Regime 3 - Evaluating the effect of trace metals and sodium
chloride on C. necator during growth and PHA accumulation
For the study investigating the effects of trace metals and sodium chloride on PHA
production (Chapter 6), the following regime was undertaken.
Shake flask experiments were carried out to determine the effects of trace metals,
copper sulphate and sodium chloride for bacterium C. necator. Triplicate 500 ml
shake flasks were used for this study. The effects of using copper were studied
separately to the other trace elements. Hence, the trace elements solution was
prepared as detailed in section 3.2.1 but was modified to eliminate copper sulphate
from its ingredients and CuSO4 solution was prepared separately at a concentration of
2 ml/l (0.03 g/l), according to the original trace element recipe by DSMZ. NaCl at
the concentration of 3.5 g/l was used for this study. All these solutions were prepared
in nutrient medium. Medium of 200 ml each was poured in each flask and was
autoclaved at 121°C, prior to the start of the study. After cooling the flasks, an
inoculum vial (as stated in section 3.2.2) was added in each flask in a sterile
environment. This marked the start of the study. The flasks were kept at 30°C in an
orbital shaker at 150 rpm. Samples were collected at 0, 3, 6, 24, 26, 28 and 30 h and
were analysed for OD at 650 nm and CDW. Each sample collected was also plated
on nutrient agar plates to check for bacterial contamination and ensure the sterility of
the study.
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For fed batch experiments, the 5 L Biostat B plus fermenter (Sartorius Stedim
Biotech, Germany) was used. Nutrient media at five different salt concentrations of
3.5, 6.5, 9, 12 and 15 g/l NaCl were investigated using acetic acid as the carbon
source and the Futura probe was used to monitor bacterial growth and accumulation.
Each salt concentration was run as a duplicate fermentation, to ensure replicability of
the results. All other fermentation conditions with the probe were as mentioned in
Experimental regime 2. Monitoring parameters were fed batch controls, cell
harvesting, measuring capacitance, OD, CDW, VFAs, Nutrient/metal ions and PHA
using the methodologies stated in Sections 3.4, 3.5, 3.7, 3.8, 3.9, 3.10, 3.11 and 3.13,
respectively.

3.14.4 Experimental Regime 4 - Increasing PHA yields from C. necator by using
filtered digestate liquors
For the study investigating PHA yields using filtered digestate liquors (Chapter 7),
the following regime was undertaken.
Two digestates were investigated along a control (nutrient medium). The first
digestate was from a laboratory based single stage digester operating on a simulated
recipe of food waste. The second digestate was a mixture (1:1) of the first and a
digestate from a laboratory based 2-stage system operating on wheat feed. The
preparation of the digestates as culture media has been detailed in section 3.2.4. For
fed batch experiments, the 5 L Biostat B plus fermenter (Sartorius Stedim Biotech,
Germany) was used. The digestates were used as media for growth and PHA
accumulation using C. necator. The influence of each nutrient/metal present in the
digestate was also studied. All other fed batch conditions were similar to above
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sections. During this experimental regime the Futura probe was not available and
therefore monitoring parameters were fed batch controls, cell harvesting, measuring
OD, CDW, VFAs, Nutrient/metal ions, ICP-AES and PHA using the methodologies
stated in Sections 3.4, 3.5, 3.8 – 3.13, respectively.
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Investigating the effects of
environmental conditions and VFA
feeding regimes for optimal PHA
accumulation by Cupriavidus necator
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This chapter looks at the initial studies to establish the optimum ambient temperature
and an appropriate nutrient medium for the growth of C. necator. Both of these
conditions were very critical for all optimisation studies conducted for the PHA
accumulation investigations. Improved growth of the bacteria, lead to higher
bacterial concentrations which in turn contributed to higher PHA accumulation. VFA
feeding regimes were also studied. Single dose VFA feedings as compared to
continuous VFA feeding for batch fermentation was evaluated for maximum PHA
accumulation based on the feeding strategy.
The optimal growth and PHA accumulation in C. necator depends on several factors
such as pH, temperature, culture medium, stirring speed, DO concentration, air
inflow flow rate, substrate feeding regime and reactor design. All of these mentioned
parameters tend to differ in the various operating conditions. Optimal conditions, will
therefore change for different reactor designs, culture media and substrates, among
others.
In terms of pH, a number of studies (Cavalheiro et al., 2009; Holt et al., 1994;
Makkar and Casida, 1987) have indicated that the optimal pH for C necator growth
is 7 and therefore all the experiments performed in this study were conducted at this
pH.

4.1 Shake flask study to determine the optimum basic medium for the growth of
C. necator
To establish an appropriate medium for the growth for the bacteria was essential,
since it would be used in all optimisation studies for PHA accumulation using C.
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necator. DSMZ recommended the use of nutrient medium and mineral medium as
ideal medium for the growth of the bacteria. However, there had been studies that
used tryptone soya broth media for the growth of C. necator (Verlinden et al., 2011)
and hence, TSB was also included in this study.
The cultures were studied in shake flasks. Triplicate flasks were used to study the
three media at 30°C. Figure 9 shows the OD profile at 650 nm for nutrient medium
(NM), tryptone soya broth medium (TSB) and mineral medium (MM). The OD taken
at 0 h for each media was subtracted from all the readings taken at the time intervals
of 0, 3, 6, 24, 26, 28 and 30 h so as to ensure that all the results started at value zero
for comparison purposes, since each media had a different turbidity and hence
different zero optical density. The pH of each media was adjusted to pH 7 using 2M
NaOH. It was found that NM provided enhanced results to grow the bacteria, with
the highest average OD of 1.7 as compared to the OD of 1.27 and 0.70 for TSB and
MM, respectively. The values have been presented as an average of triplicate studies
and no significant standard deviation was observed (>5%).
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Figure 9 - OD profile for C. necator cell growth in media NM, MM and TSB
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4.2 Determining the optimum temperature for growth of C. necator
The most favourable temperature for the growth of the bacteria was also essential to
be established. DSMZ recommended the growth of the C. necator at 30 °C. The
optimum temperature for growth has also been stated as 27 °C for the growth of the
C. necator (Holt et al., 1994). However, Makkar and Casida, (1987) stated that
though the optimal temperature for C. necator greet was at 27°C, good growth was
observed at 37°C. Cavalheiro et al., (2009) grew C. necator at 30°C and then
accumulated 68% PHA at 34°C. Due to this diverse nature of the temperatures stated
in the literature, it was thought to be worthwhile to validate the optimum temperature
for growth.
Based on the above media study, only NM was used in this study as it was found to
be best for C. necator growth. The cultures were also studied in shake flasks.
Triplicate flasks were used to study each medium subjected to growth at 25°C, 30°C
and 35°C for 30 h. OD, pH and CDW were measured at 0, 3, 6, 24, 26, 28 and 30 h
for each flask. Figure 10 shows the OD profile at 650 nm for nutrient media at those
temperatures. Bacterial growth was observed best at 30°C with nutrient medium with
an OD of 1.78 at 30 h of fermentation as compared to an OD of 1.73 and 1.23 for
25°C and 35°C, respectively. On taking the slopes of the three lines (Figure 10), it
was observed that the slope of the line at 30°C (0.049) was higher than the slopes of
the lines at 25°C (0.048) and 35°C (0.036), indicating a higher increase in OD at
30°C. The values have been presented as an average of triplicate studies and no
significant standard deviation was observed (>5%).
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Figure 10 - OD profile for C. necator cell growth in NM at temperatures of 25, 30
and 35°C

4.3 Investigating VFA feeding regimes for optimal PHA accumulation in C.
necator
For maximum PHA accumulation, it was essential to investigate the VFA feeding
strategy. The conversion efficiency and rate of VFA to PHA will depend on various
factors, such as pH (Qu et al., 2009; Yu et al., 2001), temperature, fermentation,
harvesting time (Kedia et al., 2013), C:N and C:P ratios (Johnson et al., 2010b) as
well as feeding regime of the VFA. Jiang et al., (2009) used fermentation effluent
from waste sludge as a carbon source for the biosynthesis of PHAs under different
feeding regimes and found that the synthesis rate of PHA with a multiple feeding
pattern of VFA was higher than a single feed of VFA. Optimization of nutrient feed
and feeding patterns for fructose have been reported earlier (Khanna and Srivastava,
2005b; 2006). Albuquerque et al., (2011) and Chen et al., (2013) have also studied
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the effect of feeding regimes of VFA in mixed bacterial culture PHA production.
However, no study had been carried out related to the effect of feeding regime in the
pure culture of C. necator for PHA production. In this study, different feeding
regimes for VFAs were compared with respect to their PHA productivities to identify
the most effective feeding practice.

4.3.1 Batch fermentations for PHA production with a single VFA addition
Nutrient medium was used in this study for C. necator growth and PHA
accumulation. The effect of the feeding regime of VFA was initially investigated in
batch fermentations with the addition of VFA after 24 h, at a time at which the cell
growth was at its maximum, the culture seemed to have been reasonably in a
stationary phase and when the bacteria was likely to utilize excess carbon source to
produce PHA. The values have been presented as an average of triplicate studies and
no significant standard deviation was observed (>5%)
Figures 11 and 13 present the PHA profile from five batch fermentations, that were
conducted with 1 - 5% v/v acetic acid and 1 - 5% v/v butyric acid additions,
respectively. Figures 12 and 14 present the PHA accumulation profile when the acid
pulses were fed at 1 – 5% v/v concentration for acetic and butyric acid, respectively.
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Figure 11 - PHA accumulation profile of C. necator cultivated with a single feed
at 24 h of 1-5% acetic acid as the carbon source
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Figure 12 - PHA accumulation profile of C. necator for 1-5% acetic acid pulse feed
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Figure 13 - PHA accumulation profile of C. necator cultivated with a single feed
at 24 h of 1-5% butyric acid as the carbon source
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Figure 14 - PHA accumulation profile of C. necator for 1-5% butyric acid pulse
feed
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For a clear representation of the work, the results have been presented in sections of
each VFA addition, i.e., the addition of 1 – 5% v/v VFA as a pulse feed.

1% VFA pulse feed
Figure 15A presents the results from the batch fermentation that was conducted with
1% v/v acetic acid addition. The max PHA of 1.64 g/l was achieved at 32 h and
accounted for 43% of the CDW at the same hour. Figure 15B presents the results
from the batch fermentation that was conducted with 1% v/v butyric acid addition.
The max PHA was 1.91 g/l and was achieved at 49 h and accounted for 51% of the
CDW at the same hour.
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Figure 15 - Profile of experimental results from 1% v/v pulse addition of VFA
(A) - 1% v/v addition of acetic acid and (B) - 1% v/v addition of butyric acid

2% VFA pulse feed
Figure 16A presents the profile of experimental results from 2% v/v addition of
acetic acid, which gave the maximum yield among the different acetic acid
concentrations. The max PHA of 2.83 g/l was achieved at 32 h and accounted for
67% CDW. Figure 16B presents the profile of experimental results from 2% v/v
addition of butyric acid, which gave the maximum yield among the different butyric
acid concentrations. The max PHA of 2.56 g/l was achieved at 51 h and accounted
for 64% CDW.
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Figure 16 - Profile of experimental results from 2% v/v pulse addition of VFA
(A) - 2% v/v addition of acetic acid and (B) - 2% v/v addition of butyric acid
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3% VFA pulse feed
Figure 17A presents the results from the batch fermentation that was conducted with
3% v/v acetic acid addition. The max PHA of 2.46 g/l was achieved at 32 h and
accounted for 60% CDW. Figure 17B presents the results from the batch
fermentation that was conducted with 3% v/v butyric acid addition. The max PHA of
2.2 g/l was achieved at 54 h and accounted for 50% CDW.
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Figure 17 - Profile of experimental results from 3% v/v pulse addition of VFA
(A) - 3% v/v addition of acetic acid and (B) - 3% v/v addition of butyric acid

4% VFA pulse feed
Figure 18A presents the results from the batch fermentation that was conducted with
4% v/v acetic acid addition. The max PHA of 0.78 g/l was achieved at 32 h and
accounted for 27% CDW. Figure 18B presents the results from the batch
fermentation that was conducted with 4% v/v butyric acid addition. The max PHA of
0.97 g/l was achieved at 48 h and accounted for 57% CDW.
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Figure 18 - Profile of experimental results from 4% v/v pulse addition of VFA
(A) - 4% v/v addition of acetic acid and (B) - 4% v/v addition of butyric acid
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5% VFA pulse feed
Figure 19A presents the results from the batch fermentation that was conducted with
4% v/v acetic acid addition. The max PHA of 0.78 g/l was achieved at 27 h and
accounted for 32% CDW. Figure 19B presents the results from the batch
fermentation that was conducted with 5% v/v butyric acid addition. The max PHA of
0.88 g/l was achieved at 48 h and accounted for 58% CDW.
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Figure 19 - Profile of experimental results from 5% v/v pulse addition of VFA
(A) - 5 v/v addition of acetic acid and (B) - 5% v/v addition of butyric acid
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During the first 24 h, a similar trend was observed in all the batches, but the addition
of VFA during the stationary phase lead to an increase in cell dry weight which
corresponded largely to the increase in PHA content until maximum accumulation.
The maximum PHA of 2.8 g/l at 32 h and 2.5 g/l at 51 h were produced by 2% acetic
and 2% butyric acid, respectively after which, the decline in PHA yield was noted.
Handrick et al., (2000) reported that C. necator degraded intracellular PHA quickly
for growth and survival, when it was deprived of a carbon source. In terms of PHA
storage efficiency, a maximum PHA content of 67% and 64% (w/w) were attained
for acetic and butyric acids, respectively, which are comparable to other published
yield reports for this bacterium (Xu et al., 2010).
It had often been reported that the most efficient PHA production in C. necator
occurs when nitrogen is limited (Madison et al., 1999). Wang et al., (2007) reported
that with an increase in C: N ratios, polymer yield was increased and was optimal (at
100: 1) in a SBR system which was consistently treating wastewater with an organic
reduction efficiency of around 90%. Since the C: N ratio increases for fermentations
with higher VFA concentrations, it would be expected that at high VFA
concentration, fermentations would exhibit a higher PHA concentration. However, in
this case, maximum PHA was observed at 2% v/v feed, and there was none or very
limited PHA production at 4% v/v and 5% v/v VFA feed (Figures 18 and 19). This
could either be due to Na+ toxicity by the NaOH that was used to neutralize pH after
the pulse feed of VFA or due to substrate (VFA) inhibition. Serafim et al., (2004)
have reported VFA inhibition on mixed cultures for PHA production, where they
found 180 C mmol/l of acetate was inhibitory for the PHA storage mechanism. Yu et
al., (2002) have developed the model for VFA uptake rate and have found that at a
high VFA level, the rate of utilization is low and the undissociated acid molecules
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penetrate into the cells and lower the pH inside the cell, which caused the inhibitory
or toxic effect on the cell activity.
Wang and Yu, (2000) reported the primary factors that affect the tolerance
mechanism of C. necator to acetate, are the acetate concentration, the cell mass
concentration and the nutrients. The adverse effect of acetate on bacteria, therefore,
can be minimized by maintaining a high cell mass concentration. The cell dry weight
just before addition of the organic acids was similar for all the conditions (between
2.2 - 2.6 g/l). Therefore, cell mass concentration would have not been the key
parameter. Also, since in this experiment, acetic or butyric acid was added after 24 h,
when the cell concentration was maximum, the uptake of VFA was much higher than
that reported by Wang and Yu, (2000) wherein they added the VFA at the start of the
experiment, when cell concentration was very low. The uptake rate study performed
by Yu et al., (2002) also had reported VFA inhibition at only 100 mmol, which was
due to the fact that they did not control pH and it is reported that maximum PHA
accumulation in C. necator occurs at pH 7 (Makkar and Casida, 1987). Similar
substrate inhibition by other carbon sources has been reported for C. necator on
growth and PHA production. Kim et al., (1994) reported that high glucose
concentrations inhibited the growth of C. necator. Shang et al., (2003) also reported
the optimal concentration of glucose 9 g/l for C. necator in a fed-batch reactor with
phosphate limitation. Therefore, it is likely that 3% VFA was partially inhibitory and
hence the PHA accumulation was lower, whereas 4% and 5% v/v VFA concentration
was inhibitory for storage mechanism of bacteria, and hence there was no increase in
cell dry weight and PHA accumulation.
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In all other cases where the substrate was not inhibitory, VFA was taken up by the
bacteria very quickly to store PHA. Figure 20 shows the uptake of acetic (20A) and
butyric acid (20B). It was interesting to find that most of the acetic acid was
consumed within the first 6 to 8 h, however butyric acid uptake rate was relatively
slower and most of the butyric acid was consumed after 24 h of addition. Therefore,
the maximum PHA yields for acetic acid was achieved at 32 h whereas for butyric
acid, it was achieved around 52 h. At higher VFA concentrations, the bacteria did not
consume either acetic or butyric acid and the VFAs remained in the media until the
end of fermentation.
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Figure 20 - VFA consumption profile of C. necator cultivated with single feed at
24 h of 1-5% VFAs as the carbon source
(A) – 1-5 v/v addition of acetic acid and (B) – 1-5% v/v addition of butyric acid

This feeding strategy, however posed a constraint on process productivity with
resultant low polymer yields. Only 18% and 15% of acetic acid and butyric acid was
converted to PHA with less than 65% (w/w) of PHA content in microbial cells.
Albuquerque et al., (2007) used multiple pulse addition of VFA to overcome
potential substrate inhibition in mixed microbial culture, however unless real-time
monitoring of the residual VFA is performed it is difficult to optimize VFA addition.
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4.3.2 Fed-batch fermentations for PHA production
The goal of this study was to assess the use of a different feeding strategy to
overcome the constraints associated with single pulse feed of VFA and increase the
PHA yield. By operating the fermentation system in a fed batch mode and adding
VFA in a continuous mode, more PHA could be accumulated in the cells.
The continuous feeding was carried out using the VFA as the acid solution to control
the pH of the fermenter which was set in range of 6.9 to 7.1, which is the optimum
pH for PHA production by C. necator (Albuquerque et al., 2007). Therefore a
continuous addition of VFA was possible in a controlled manner by keeping pH
constant within optimal conditions for C. necator.
In the single pulse feeding regime, in order to control pH, 5M NaOH solution was
added after the addition of VFA, which was no longer necessary to be added in the
case of continuous feeding as the fermenter would take up VFA just enough to
control the pH. Therefore, the possibility of Na toxicity was also eliminated in this
case.
The culture was inoculated, and instead of HCl as the acid solution for pH control,
either acetic acid or butyric acid was used. The growth and profile of acetic acid and
butyric acid uptake by the bacteria is shown in Figures 21A and 21B, respectively. It
was observed that C. necator started taking up VFA within the first hour of
inoculation in both cases. The cell dry weight and OD increased steeply in the first
24 h, and C. necator was able to achieve higher OD and CDW with a continual
supply of VFA as compared to the single pulse feed. This indicated that the bacteria
were able to utilize VFA for both growth and accumulation of PHA. By the end of 24
h, the bacteria had already accumulated a significant amount of PHA, whereas in the
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single pulse feed regime, the bacteria would only start accumulating PHA when the
VFA was fed at 24 h.
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As VFA feeding was initiated at different times in the single feed and continuous
feed strategies, the maximum PHA accumulation for them were at different times.
When acetic acid was fed continuously, maximum PHA accumulation was observed
at 29 h which was lower than that of the single feed, where maximum accumulation
was at 32 h. When butyric acid was used as carbon substrate, maximum PHA
accumulation in the continuous feed was observed at around 44 h whereas in the
single feed, it was at 52 h. Although VFA was available from the start of the
fermentation in the continuous feed, during the first 10 h only 4.2 ml and 4.5 ml of
acetic acid and butyric acid, respectively was taken up by the bacteria per litre of
culture. This might have not even been utilized by the bacteria for growth or PHA
production and was most likely taken up to maintain pH (Figures 22A and 22B).
However after 10 h, the steep increase in uptake rate of acetic acid was observed
which indicated that the bacteria were using it for PHA accumulation. Similarly, for
the butyric acid fed fermentation, there was no butyric acid uptake by the bacteria
between 13 to 20 h, but after that period, the steep increase in uptake rate was
observed.
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Thus, the continuous feeding strategy based on pH control seemed to have been an
effective way of improving process productivity. The PHA production in continuous
feeding was increased by almost 2 fold (2.8 g/l to 4.9 g/l for acetic acid, and 2.5 g/l
to 4.97 g/l for butyric acid). Moreover, the conversion of VFA to PHA also increased
by almost 2 fold (0.18 g/g to 0.32 g/g for acetic acid and 0.15 g/g to 0.22 g/g for
butyric acid) at the maximum accumulation stage, which took place at 29 and 44 h,
respectively allowing greater fermenter productivity. Tables 6 and 7 show the
amount of acetic acid and butyric acid supplied and residual in the medium during
the fermentation. It was observed that almost 90% of the VFA supplied was
consumed by the bacteria either to store PHA or as carbon source for growth.
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Table 6 - PHA yield and acetic acid profile when acetic acid was fed based on
pH control

Acetic Acid (g/l)

Time(h)

Supplied

Left

Consumed

PHA
(g/l)

Yield
PHA
(g/g)

0

0

ND

0

ND

-

3

0.48

0.33

0.15

0.10

0.70

6

1.03

0.59

0.44

0.29

0.65

20

10.79

0.62

10.17

3.60

0.35

21

11.33

0.95

10.38

3.90

0.38

23

12.62

0.98

11.65

3.73

0.32

25

13.00

1.09

11.92

4.08

0.34

27

14.96

0.95

14.00

4.70

0.34

29

16.72

1.41

15.31

4.95

0.32

44

26.65

0.92

25.73

3.99

0.15

47

28.78

0.76

28.02

3.53

0.13
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Table 7 - PHA yield and butyric acid profile when butyric acid was fed based on
pH control

n-butyric acid
Time
(h)

Consumed

PHA
(g/l)

Yield
PHA (g/g)

Supplied

Left

0

0.00

0.00

0.00

-

-

3

0.62

0.00

0.62

0.12

0.20

5

1.51

0.41

1.10

0.28

0.25

20

6.37

0.81

5.56

0.99

0.18

22

7.28

1.03

6.26

1.22

0.19

24

8.13

0.99

7.14

1.22

0.17

26

9.05

1.01

8.04

1.32

0.16

28

9.95

0.81

9.14

1.44

0.16

30

11.03

0.78

10.25

1.84

0.18

44

23.08

0.11

22.97

4.97

0.22

46

25.10

0.09

25.01

4.79

0.19

48

27.06

0.10

26.96

4.85

0.18

50

29.06

0.10

28.96

4.71

0.16

52

31.00

0.11

30.88

4.61

0.15

68

55.43

0.11

55.32

3.98

0.07

72

59.59

0.14

59.45

3.72

0.06
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4.4 Conclusion
NM at 30°C resulted in the highest growth of the bacteria and hence was used for all
optimisation studies for PHA accumulation. PHA was accumulated using VFAs as a
carbon source. Feeding strategies for VFA were studied in order to increase the
productivity and yield (g/g) of PHA. It was found that the use of continuous feeding
strategy rather than single feeding strategy allowed an increase in yield and reduced
the time for maximum accumulation. The results indicated that the use of continuous
feeding strategy based on pH control had the advantage of allowing bacteria to
accumulate PHA as soon as the nutrients were depleted and without substrate
inhibition. During the VFA single feed, the bacteria utilized VFA once the feed was
injected and at higher feed (> 3%), it slowed down metabolic activity and the
biomass was adversely affected. The continuous feeding strategy was more effective
and almost two fold increase in PHA yield was obtained.
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In this chapter, the novel application of the capacitance measurement technique to
determine bacterial cell growth and optimum time for harvesting PHA from C.
necator cells has been evaluated. A number of factors are expected to result in
capacitance change during the fermentation i.e. a change in viable biomass, cell size
and amount of PHA produced. This study evaluated the use of a dielectric
spectroscopy sensor placed in-situ to monitor in real time the product formation by
measuring capacitance of the medium (Experimental Regime 2). Two carbon sources
(acetic and butyric acids) were used in laboratory based experiments and a number of
samples were measured ex-situ for PHA production. The real-time measurement of
capacitance, in addition to identifying the cells growth phase, correlated very well
with ex-situ measurements of PHA produced within the cells. In addition, other
parameters such as acetic and butyric acid consumption rate and residual levels were
correlated with the sensor output in order to formulate a more complete
understanding of the process. The probe has proven to be a useful tool to monitor
real-time cell growth, PHA produced and defining the optimum harvesting time.

5.1 Monitoring of bacterial growth and PHA production in an aerobic fed batch
reactor fed with acetic acid (Kindly refer to section 4.3.2. Some graphs have
been re-presented with more relevant data to this section)
Albuquerque et al. (2011) studied the effect of substrate composition and feeding
regime on PHA productivity. It was reported that a considerable increase in
productivity could be obtained by continuous feeding of organic acids. In this study,
pure acetic acid (99%) was fed continuously in the form of acid for pH control. Also,
in order to maintain excess carbon supply in the medium and in an attempt to
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maximise PHA production, additional pulse feeds of acetic acid (1% v/v) was added
twice at 20 and at 27 h. Table 8 shows the amount of acetic acid fed to the fermenter
and its consumption to produce PHA, amount of PHA produced and yield of PHA
per gram of acetic acid fed. The PHA content extracted from microbial cells at the
end of the fermentation at 47 h was 43% (w/w). This is lower than the highest
content of PHA of 80 - 90% that has been reported to have been accumulated in
microbial cells (Albuquerque et al., 2007). However, the highest PHA content within
microbial cells in this experiment was found to be between 20 - 30 h (70% w/w) with
a maximum concentration of 4.9 g/l of PHA at 29 h which is equal to a PHA rate of
production of 0.27 g/l.h. After this time and even though acetic acid was being
consumed, it was no longer getting efficiently converted to PHA.

Table 8 - PHA yield and VFA profile in the medium (fermentation with acetic
acid as the carbon source)
Acetic Acid (g/l)
Butyric
Acid (g/l)

Time
(h)

Supplied

0

0.00

3

0.48

Left
NA

Consumed

PHA
(g/l)

PHA Yield (g/g
of acetic acid
consumed)

NA

0.0

NA

NA

0.33

0.15

0.02

0.10

0.70

6

1.03

0.59

0.44

0.06

0.29

0.65

20

10.79

0.62

10.17

0.04

3.60

0.35

21

11.33

0.95

10.38

0.04

3.90

0.38

23

12.62

0.98

11.65

0.02

3.73

0.32

25

13.00

1.09

11.92

0.00

4.08

0.34

27

14.96

0.95

14.00

0.00

4.70

0.34
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29

16.72

1.41

15.31

0.05

4.95

0.32

44

26.65

0.92

25.73

0.34

3.99

0.15

47

28.78

0.76

28.02

0.46

3.53

0.13

It was also interesting to see that after this time, butyric acid was being released to
the medium, which corresponded also to the loss in PHA accumulated in the cells.
This may have been due to the inner cell contents being released to the medium,
which may have contained butyric acid or due to PHA being released from lysed
cells and that was being converted to VFAs, however this would require further
verification. Most of the research on PHA production by organic acids has been
performed using enriched mixed microbial cultures (Albuquerque et al., 2010a,
2010b, 2011) and the results found in this study are comparable to the literature.
Despite the low PHA concentration and rate of production, the conversion of 35% of
acetic acid to PHA is reasonable in comparison with other researchers (Albuquerque
et al., 2011). It is important to refer however, that the emphasis of experimental
regime 2 was not the enhancement of PHA yield by improving operating conditions
such as biomass concentration, nutrient media or feeding regimes but concentrated
mostly on identifying in real-time the best period to harvest.
Figure 23 shows the profile of the dissolved oxygen (DO), pH, stirring speed, as well
as acetic acid addition monitored during the fermentation. Acetic acid addition and
stirring speed were controlled based on the set point controllers for pH and DO set at
7 and 40%, respectively. Immediately after adding the inoculum, there was a
significant increase i.e., more than doubled in stirring speed as the microbes utilised
oxygen for the cell growth.
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Figure 23 - Profile of pH, stirrer speed, DO and acetic acid addition in the
fermentor throughout the experiment when acetic acid was fed as the carbon
source

Figure 21A (kindly refer chapter 4) shows analysis of OD, PHA and cell dry weight
(CDW) performed ex-situ during the fermentation period. Microbial growth is
mainly associated with nutrient consumption and increase in OD and CDW. It is
common practice in microbiology to measure OD and use a linear calibration curve
to determine the total cell dry weight of a culture. However, when measuring the OD
of C. necator containing PHAs, bacterial cells change their optical properties and
density while accumulating the biopolymer. In the literature, OD is often used alone
as an indication of cell growth and is not directly related to the total CDW or PHA
yield (Jiang et al., 2008; ŁabuŜek and Radecka, 2001). When the majority of
nitrogen in the medium has been consumed and the culture is in nutrient limiting
conditions, bacteria utilise excess carbon source i.e. acetic acid in this case to
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accumulate PHA, which increases the OD even though there is no increase in viable
cells, similarly during the final stage when the cells start degrading, bacteria can
release PHA in the medium, which can again affect the OD. In this experiment OD
increased constantly even though the PHA yield decreased and cells were autolysed.
For the optimisation of PHA production from any feedstock an important aspect is to
harvest PHA at its maximum accumulation stage. A previous study by Hafuka et al.
(2011) had reported the loss of PHA due to a delayed harvest of approximately 50%
(750 mg/l) between 40 - 50 h of fermentation. In this study a loss of approximately
30% (1.4 g/l) PHA occurred from 29 to 47 h of fermentation.
In this particular experiment and although only acetic acid was used as the substrate,
organic acid analyses identified that butyric acid was becoming available after no
further PHA accumulation was taking place. In this case, therefore, VFA monitoring
could also be an indicator of PHA formation disruption. However, organic acids
monitoring would possibly be less helpful in a situation, when butyric acid would
also be used as a substrate. In addition, it is worth noting that real-time
measurements of the various species of organic acids are currently not available in
the market.
In reality, none of the measurements performed and reported in Table 8 as well as
Figure 21A and 23 were able to identify the optimum harvest time; except the ex-situ
analysis of PHA, which cannot be performed in real-time, in addition it requires
samples to be taken frequently by personnel and it is based on laborious and time
consuming techniques. Fermentation process control could therefore only be suboptimal. In this study, capacitance was measured to evaluate its potential to monitor
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cell growth as well as identifying optimum harvesting time for PHA extraction from
the bacterial cells.

5.1.1 Monitoring bacterial growth and PHA production with a real-time
capacitance measurement
The increase in capacitance as seen in Figure 24 during the fermentation was
expected not only due to the number of viable cells but also due to cell size and
accumulated PHA. A study by Pedrós-Alió et al., 1985, showed that under PHA
accumulation, the cell volume of C. necator increased more than three-fold (from
1.208 to 3.808 μm3), while the density increased from 1.110 to 1.145 pg/μm3. This
increase in the size of cell during PHA accumulation seems to correspond directly to
the increase in capacitance.

1.6

6
5

1.2
4

1
0.8

3

0.6

PHA (g/l)

Capacitance (pF/cm)

1.4

2

0.4

1

0.2
0

0
0

10

20

Time (h)

Capacitance

30

40

50

PHA (g/l)

Figure 24 - Online capacitance (pF/cm) profile in single frequency mode and exsitu measured PHA yield in medium fed with acetic acid as the carbon source
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During the fermentation, conductivity of the medium can fluctuate due to microbial
metabolism and addition of acid and base. The increase in capacitance from high to
low frequencies displays a sigmoid shape and is known as the ß-dispersion
(Cannizzaro et al., 2003; Davey et al., 1993). Elevated conductivity is known to
influence the critical frequency of the β-dispersion curve, resulting in an increased
capacitance signal that can be modelled and corrected (Bryant et al., 2011). The
software used in this study has an inbuilt correlation to compensate capacitance with
the change of conductivity. In addition to the compensation, the conductivity of the
media was raised by adding 3.5 g/l NaCl and conductivity was measured throughout
the fermentation and remained fairly constant at around 8 mS/cm.
The capacitance was measured at 607 kHz throughout the experiment and is shown
in Figure 24. However, excessive stirring just after the addition of innoculum until
around 7 h led to significant bubble formation that interfered with the initial
capacitance readings, which in this case were below the sensor detection limit.
However, once the stirring speed decreased and was stable, the cells were in growth
phase and the exponential increase in capacitance was observed. The initial increase
in the capacitance was due to microbial growth and increase in viable cell
concentration. When microbial growth was restricted by limiting nitrogen source, the
increase in capacitance was then observed due to PHA accumulation.
Capacitance was correlated with a number of samples analysed ex-situ for PHA
accumulation and this is shown in Figure 24. Initially there was no or little PHA
accumulated within the cells, since they were in growth phase. However, once in
accumulation phase an increase in PHA level as well as capacitance was verified.
There was then a sharp increase in capacitance between 23 and 27 h, and this
corresponded to an increase in PHA of about 1 g/l, indicating that the correlation
115

Chapter 5

between real-time capacitance measurement and ex-situ measurements of PHA
accumulation was very good.
The capacitance was then fairly constant between 29 - 33 h, indicating no change in
the cell number or size had occurred and therefore indicated that no further PHA was
being accumulated. The capacitance started falling after 33 h, which indicated PHA
consumption, cell autolysis and a release of PHA and intracellular content in the
medium. This intracellular content can act as a nutrient and carbon source for the
intact cells as reported by Xu et al., 2010 and possibly due to this a slight increase in
the capacitance was observed between 36 - 38 h. Soon afterwards, the capacitance
showed a definite declining trend. This data was in excellent agreement with PHA
concentration as shown in Figure 24, the concentration of PHA also decreased within
the same period.
5.1.2 Measuring real-time capacitance in dual frequency mode
During the acetic acid fermentation experiment, the capacitance readings were not
stable and were below the detection limit for the first few hours, which could have
been due to various reasons such as the influence of air bubbles, capacitance
artefacts, low conductivity of media and change in viscosity.
A closer look at the data, demonstrated that capacitance decreased when the stirring
of the fermenter had increased significantly in order to maintain 40% dissolved
oxygen level. The stirring in the fermenter increased from 200 rpm from the start of
experiment to 450 rpm at 5 h. It is possible that the capacitance reading was
influenced by excess bubbles formed with increased stirring. However, when stirring
decreased the influence of bubbles was negligible. It was, therefore essential to
eliminate as much as possible the interference from the air bubbles in the fermenter
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for this method to work as accurately as possible and evaluate the optimum
harvesting time and be able to be used in a control strategy for a PHA production
process.
Justice et al., 2011 have described the dependency of the capacitance signal of a
biological sample with spherical cells as a function of the frequency. At low
frequencies, the polarization process is slow, so that the resulting capacity is high.
The working point for sensors is near the critical frequency, which has been used for
the results presented in Figure 28. At high frequencies, there is hardly any
polarization and only the background capacitance due to the dipoles of water or other
small molecules in the suspending medium is detected (Carvell and Dowd, 2006).
Therefore, it is possible to use the software to compensate any change in capacitance
due to background interferences such as the existence of excess of air bubbles by
measuring the capacitance in dual frequency mode.
When measuring capacitance in dual Frequency mode, a high frequency (20,000
kHz) capacitance value is subtracted from the main measuring frequency (607 kHz)
capacitance value. Since, the high frequency value is a measure of the background of
the system only; it will change with background shift in capacitance, caused by the
air bubbles.
The capacitance results were then plotted in dual frequency mode, by subtracting
high frequency capacitance and are shown in Figure 29. In the dual frequency mode,
the capacitance was stable throughout the experiment and it was possible to eliminate
the influence of the background. The measurement of real-time capacitance in dual
frequency mode improved results and correlated very well with fermentation kinetics
throughout the experiment, indicating initially cell growth as well as PHA
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accumulation and cell lyses demonstrated by correlating with ex-situ measured PHA
within the cells. The optimum harvest time was also defined for 29 h, when yield of
PHA was greatest, so that losses of PHA could be reduced and a reduction in
substrate consumption could also be achieved.
In order to verify that the increase in capacitance in the experiment was due to PHA
accumulation and not only cell growth, the experiment was carried out with the same
conditions without adding any acetic acid by controlling pH with HCl. Figure 29
shows the capacitance measured in dual frequency mode, whereas ex-situ PHA
measurement showed there was no PHA accumulated within the cells in this process.
The maximum capacitance was 0.56 pF/cm at 8 h after which it started declining and
reached below detection limit at 30 h. This shows the typical bacterial growth curve,
of exponential phase between 0 to 8 h, a reasonable stationary phase between 8 to 20
h and in a death phase after 20 h.
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Figure 25- Online capacitance (pF/cm) profile in dual frequency mode and exsitu measured PHA yield in medium fed with acetic acid as the carbon source
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Maskow et al. (2008a, 2008b) reported that β-dispersion and cell dry weight were
highly correlated for yeast growth and lipid accumulation. Similar correlations were
applied to this study as shown in Figures 26 and 27. Capacitance measured with
acetic acid as carbon source was plotted against cell dry weight (Figure 26).
Capacitance was also plotted against PHA accumulation (Figure 27). It was possible
to distinguish well the main growth, accumulation and decay phases. Due to the
limited number of off-line samples for PHA analysis, it was not possible to identify
further the exact period for changes from growth to accumulation phase, but the
strong correlation between them was established. Stronger correlation was
established between the capacitance measurements and PHA accumulation (Figure
26), indicating a far more positive correlation between capacitance and PHA (R2 =
0.8916), than capacitance and CDW (R2 = 0.8672).
However, as reported earlier by Maskow et al. (2008a, 2008b) this correlation has a
drawback that a fast and easily measureable on line signal of capacitance is modelled
combined to slow off line measurements of cell dry weight. Further research and
continuation of modelling of this technique for bacterial PHA production is expected
to be valuable for bioprocess control strategy and increasing the intracellular product
production.
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10

0

8

2
y = 17.692x - 10.765
R² = 1

6

4

4

6
y = 8.8953x - 4.7487
R² = 0.8916

y = 0.6639x - 0.0132
R² = 0.9734

2

8

0

PHA (g/l) Decay phase

PHA (g/l) Growth and Accumulation phase

with acetic acid as carbon source

10
0

0.2

0.4

Growth Phase

0.6
0.8
Capacitance (pF/cm)
Accumulation Phase

1

1.2

Decay Phase

Figure 27 - Correlation between capacitance and PHA in fermentation with acetic
acid as carbon source

120

Chapter 5

5.2 Monitoring biomass growth and PHA production in an aerobic fed batch
reactor supplied with butyric acid
The optimum harvesting time will be affected by various growth conditions as well
as carbon source supplied. To further establish the relationship between capacitance
measurements and PHA accumulation, another fermentation was performed with
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Figures 28 and 29 show the profile of the various monitoring parameters measured.
Figure 30 shows the capacitance measured in dual frequency mode and its
correlation with PHA measured ex-situ. The maximum amount of PHA accumulated
as per indication of the capacitance probe was from 50 up to 68 h as the capacitance
was fairly constant in that period. The yield of PHA at 68 h was not significantly
different than that at 52 h, which was the time that through ex-situ analysis resulted
in the highest PHA produced (i.e. 5.14 g/l). Table 9 shows the amount of butyric acid
fed to the fermenter and its consumption to produce PHA. The conversion of butyric
acid to PHA at optimum harvesting time was only 13%, which is much lower than
acetic acid, where almost 35% of acetic acid supplied was converted to PHA at
optimum harvesting time. It is also possible to conclude and without taking into
consideration the differences in the type of polymers produced during both
fermentations, and also assuming the use of these operating conditions, PHA
accumulated faster and with improved yields during the acetic acid fermentation than
that of the butyric acid fermentation. The capacitance profile is also different from
that of acetic acid when used as a carbon source. It was interesting to find that the
optimum PHA production was observed only after 52 h in butyric acid whereas in
acetic acid it was much earlier at around 30 h.
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Table 9 - PHA yield and butyric acid profile in the medium
(Fermentation with butyric acid as the carbon source)
Time
(h)

Butyric acid (g/l)
Supplied

Left

Consumed

PHA
(g/l)

PHA Yield (g/g of
butyric
acid
consumed)

0

0.00

0.00

0.00

NA

ND

3

0.00

0.00

0.00

0.12

ND

5

1.89

0.41

1.48

0.28

0.19

20

7.97

0.81

7.16

0.99

0.14

22

9.10

1.03

8.08

1.22

0.15

24

10.17

0.99

9.18

1.22

0.13

26

11.32

1.01

10.31

1.32

0.13

28

12.44

0.81

11.63

1.44

0.12

30

13.80

0.78

13.02

1.84

0.14

44

28.86

0.11

28.75

4.97

0.17

46

31.39

0.09

31.29

4.79

0.15

48

33.84

0.10

33.74

4.85

0.14

50

36.33

0.10

36.23

4.71

0.13

52

38.75

0.11

38.63

5.14

0.13

68

55.43

0.11

55.32

4.98

0.09

72

59.59

0.14

59.45

4.72

0.08

When capacitance was measured in dual frequency mode interferences from the air
bubbles were also eliminated. The capacitance measurement and PHA yield were in
good agreement and the tool was able to identify the optimum harvesting time.
Accumulation of PHA did not increase significantly after around 52 h by verifying
the fairly constant profile of the capacitance until the end of the fermentation.
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Continuing the fermentation until the 72 h would only have had resulted in a loss of
20.82 g/l of butyric acid which was consumed with no additional PHA gain (35% of
the entire substrate). In addition, the capacitance level increased from 1.1 pF/cm
during the acetic acid fermentation to a maximum of 1.8 pF/cm during the butyric
acid fermentation. This may not be only related to the number and size of the cells,
but also the type of polymer produced. This however requires further investigation.
In industrial applications when a mixture of carbon sources could be supplied for
PHA production, the optimum harvesting time will vary depending on the carbon
source and nutrient media, and hence a tool such as capacitance measurement could
help to identifying the optimum harvesting time. This would increase product yield
and could reduce the fermentation time and production cost.

5.3 Conclusions

Dielectric spectroscopy probe was demonstrated for the real-time monitoring of the
fermentation process, PHA accumulation and identifying optimum harvesting time.
PHA yield obtained ex-situ was compared with the culture medium capacitance and
was strongly correlated. Thus, the probe can replace off-line PHA measurements,
giving an accurate and real time description of the PHA profile during the entire
process. Moreover, this tool has the potential to improve process understanding and
optimisation through the implementation of models and application of control
strategies, removing a significant challenge to PHA production that will increase
process efficiency and reduce costs, allowing PHA to be a more competitive
biopolymer in the market.
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6
Evaluation of the effect of trace
metals and sodium chloride on
Cupriavidus necator during growth
and PHA accumulation

126

Chapter 6

In this study, the effect of trace metals (zinc, manganese, boric acid, cobalt, nickel
and sodium molybdate), copper and sodium chloride on a culture of C. necator has
been evaluated when acetic acid was used as the sole carbon source (Experimental
Regime 3). Shake flask studies were conducted to study the effect of certain trace
elements, copper and sodium chloride on the bacterial growth of C. necator in
nutrient media alongside a control. All flasks were studied in triplicates. Due to the
positive results from using NaCl, the effect of using five different NaCl
concentrations (3.5 g/l, 6.5 g/l, 9 g/l, 12 g/l and 15 g/l) on PHA productivity using C.
necator have been investigated alongside a control (no added NaCl). A dielectric
spectroscopy probe was used to measure PHA accumulation online in conjunction
with chemical offline analysis of PHA and other monitoring parameters as defined in
Section 3.14.3
Higher biomass concentration and higher cell numbers is expected to lead to a higher
PHA accumulation. Specifically for the addition of NaCl, this is likely to be a
comparatively low cost technique when used on a large scale, when compared to
increased temperature and other types of chemical stress and metal stress. NaCl is
expected to be residual in the fermentation media at the end of PHA recovery from
the cells and could, in principle, be able to be reutilised in subsequent fermentations,
and hence has been investigated in greater detail in this study.
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6.1 Shake flask study to investigate and compare the effects of certain trace
elements, copper and sodium chloride additions on bacterial cell growth in C.
necator
Various researchers have previously reported an increase in PHA yield by applying
external stress in the form of chemicals such as ethanol and hydrogen peroxide in C.
necator H16 (Obruca et al., 2010a, b); temperature, ethanol, hydrogen peroxide, UV
radiation and high osmotic stress in A. hydrophila (Zhao et al., 2007) and heavy
metals (Kamnev et al., 2007). However, the effect of these external stresses on cell
growth has not been documented.
Copper is usually included in trace element recipes in the form of sulphates or
chlorides (Schlegel, 1961; Serafim et al., 2004; Verlinden et al., 2011; DSMZ) and
hence exerts its effect along with other metals. Copper is known to initiate growth in
C. necator (Makkar and Casida, 1987) and hence was investigated solely on its own
to study its effect on cell growth at a concentration of 2 ml/l CuSO4 (0.03 g/l)
solution in nutrient media. The trace element recipe was prepared according to
DSMZ, which originally had copper sulphate as one of the metals (Per 1 litre
distilled water: NiCl2·6H2O x 0.02 g; H3BO3 x 0.3 g; CoCl2·6H2O x 0.2 g;
MnCl2·4H2O x 0.03 g; ZnSO4·7H2O x 0.1 g; Na2MoO4·2H2O x 0.03 g; CuSO4·5H2O
x 0.03g) However, for this study, the trace element recipe was modified without
including copper. NaCl at the concentration of 3.5 g/l nutrient media was used for
this study. A control in the form of nutrient media was also studied alongside.
Figure 31 shows the CDW profile for all four shake flask experiments. NaCl addition
boosts cell growth in C. necator most positively as compared to the other three media
(trace elements, copper and control), showing increase in cell dry weight from the
first few hours itself. NaCl addition showed a 133% increase in CDW as compared to
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the control at 6 h of fermentation, and showed a 75% increase in CDW as compared
to both, copper and trace element additions at 6 h of fermentation. Figure 32 shows
the OD profile for all four shake flask media. Even though the rise in OD for all four
media was almost similar, a higher OD for the NaCl media can be clearly seen as
compared to the others, especially for hours 6, 24 and 26 of the study.
The next best media that promoted growth in C. necator was found to be nutrient
media with copper addition. Copper seemed to have a better impact on cell growth
than all of the other metals combined in the trace element mixture. At 6 h of
fermentation, the copper media and trace element media had a similar CDW of 0.8
g/l which was 33% higher than that of control, but it was interesting to observe that
at 3 h of fermentation, the copper media had a CDW of 0.8 g/l as compared to the
trace element media, which had a CDW of 0.5 g/l (Figure 31). Also, as the
fermentation progressed, the copper media showed higher CDW than the trace
element media, but both lower than control, indicating an inhibitory effect of the
metals on bacterial growth at later hours. It can be concluded that it is copper in the
trace element mixture that plays a vital role in enhancing cell growth in C. necator
than all the other metals combined. However, the addition of salt enhanced bacterial
growth immensely as compared to copper addition and trace element addition to the
media.
From Figures 31 and 32, it can be seen that for NaCl addition, even though OD
stayed fairly constant between 0 - 3 hours, there was a significant increase in CDW
during this time, i.e., from 0.5 – 1.3 g/l. This could be due to the possibility of the
bacterial cells accumulating the salt, as they were growing.
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Figure 31 - CDW (g/l) profile for shake flasks studying the effects of copper,
sodium chloride and trace element (no copper) addition to nutrient media
alongside a control for the growth of C. necator
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Figure 32 – OD profile for the shake flasks studying the effects of copper,
sodium chloride and trace element (no copper) addition to nutrient media
alongside a control for the growth of C. necator
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Since NaCl addition is comparatively low cost, non-reactive, non hazardous and
clearly improved bacterial growth, a more in-depth study was conducted on the effect
of different NaCl concentrations on the growth and PHA accumulation in C. necator.

6.2 Effect of NaCl at different concentrations on the growth of C. necator
PHA yield not only depends on the amount of PHA stored within the bacterial cell
but it is also attributed to the number of cells accumulating PHA. Therefore, it was
essential to achieve high cell numbers before the bacteria started accumulating PHA.
The initial increase in OD (data not shown) and CDW was mainly due to cell growth
(Figure 33).
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No salt

7

CDW (g/l)
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3

2
1
0
0
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40

50

Time (h)

Figure 33 - CDW profile for media with different NaCl concentrations and
control
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It was evident from CDW measurements, that bacteria were able to have a
reasonable growth of above 5 g/l CDW by 24 h in all the cases except at high salt
concentrations of 12 g/l and 15 g/l, when the CDW was considerably low at 1.9 g/l
and 2 g/l at 24 h, respectively (Figure 33). Also, in the 9 g/l NaCl fermentation, the
maximum CDW of 6.8 g/l was achieved at 24 h as compared to the CDW for the 3.5
g/l and 6.5 g/l NaCl fermentation, which was 6 g/l and 6.1 g/l at 24 h and the CDW
for the control, which was 6.4 g/l at 24 h. For fermentations with NaCl
concentrations of 12 g/l and 15 g/l the CDW was 69 - 70% lower than compared to
the control at 24 h, indicating an inhibitory effect at higher salt concentrations
demonstrated by the lower cell growth of C. necator cells. However, in terms of
CDW, the control demonstrated higher CDW at 24 than 3.5 and 6.5 g/l NaCl
fermentations.
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Figure 34 - Profile of DO (A) and stirring speed (B) in media with different
NaCl concentrations
Figures 34A and 34B show the DO and stirring speed profile for all the experiments.
DO was controlled at 40% throughout each experiment by maintaining the stirring
speed to avoid any oxygen limitation for bacterial growth. Figure 34B shows the
stirring speed in the fermenter and it was observed that at the beginning of the
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control fermentation, the stirring speed was 200 rpm as compared to 300 rpm for 3.5
g/l, 6.5 g/l, 9 g/l and 12 g/l NaCl fermentations and at 600 rpm for 15 g/l NaCl
fermentation. It is a known phenomenon that increasing the salinity of any media
decreases its oxygen solubility. Therefore, at fermentations with increasing salt
concentrations, the stirring speed also showed an increase to maintain the DO
concentration as close to 40% as possible. Figures 34A and 34B show the decrease in
DO concentration to approximately 28% for the 15 g/l NaCl fermentation, while the
stirring speed was at its maximum at 600 rpm for the first 10 hour period, indicating
that high salt concentration seemed unfavourable for growth of C. necator due to
oxygen unavailability. The 9 g/l NaCl fermentation showed a peak in stirring speed
between 20 - 30 h with its maximum at 24 - 26 h, which was also the time of
maximum PHA accumulation for that fermentation (Figure 34B, Table 13).
It was difficult to compare the growth rate in the salt media with measurements of
OD and CDW only, as these measurements not only depend on cell growth but also
on PHA accumulation. Previous researchers have studied the effect of osmolarity on
bacterial growth. Berezina (2013) has showed an approximate 12% increase in the
CDW of C. necator when supplementing Luria broth with 10 g/l sodium glutamate.
However, this study did not consider that the Luria broth preparation already
included 10 g/l NaCl along with 10 g/l tryptone and 5 g/l yeast extract. Hence, the
results obtained from the Berezina (2013) may be due to the combined effect of
sodium glutamate and sodium chloride or the role of Na2+ ions that benefited cell
growth in addition to the glutamate. A nine-fold rise in bacterial growth of A.
hydrophila was observed when grown in mineral media supplemented with 0.15 M
NaCl (Zhao et al., 2007). At low osmotic pressures, A. Hydrophila has been reported
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to use only part of its metabolites and energy for PHA accumulation, resulting in
slower growth (Fukui et al., 1998; Zhao et al., 2007).
Soil bacteria and non-halophlic gram negative bacteria have been known to modulate
their cytoplasmic solvent compositions in different regions of the bacterial cell in
order to cope with the osmotic shifts in the environment (Wood, 1999; Breedveld et
al., 1993). C. necator, being a soil and sediment bacteria may have this potential and
hence may cope with the osmolarity change in an improved way.
It was interesting to discover that during the initial 20 h of fermentation (growth and
initial accumulation phases), the production of higher chain VFAs took place, even
though only acetic acid was used as the carbon source. Small concentrations of ibutyric and i-valeric acids were measured in the initial 10 h of fermentation (data not
shown). For example, for the 9 g/l NaCl fermentation, at 6 h, the levels of i-butyric
and i-valeric acid were close to 0.05 g/l each. There were, however, no traces of any
other acid formed after maximum PHA accumulation.

6.3 Effect of NaCl salt at different concentrations on PHA accumulation in C.
necator
Maximum PHA concentrations for control (no salt), 3.5 g/l, 6.5 g/l, 9 g/l, 12 g/l and
15 g/l NaCl fermentations were 4.08 g/l, 4.52 g/l, 5.33 g/l, 4.95 g/l, 1.63 g/l and 0.45
g/l, respectively (Tables 10-15). In all the cases, maximum PHA accumulation was
between 24 - 26 h. Another important measure of an optimised system would be to
achieve maximum VFA conversion in to PHA and this has been reported as PHA
yield (Tables 10-15). It was observed that in 9 g/l NaCl, the conversion of VFA to
PHA was up to 41 g/g whereas in the 3.5 g/l, 6 g/l, 12 g/l and 15 g/l NaCl
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fermentations, it was only 0.32 g/g, 0.37 g/g, 0.13 g/g and 0.03 g/g, respectively.
Fermentations with 3.5 g/l NaCl, 6.5 g/l NaCl and 9 g/l NaCl accumulated more
PHA than the control, indicating a positive effect of NaCl on PHA accumulation.

Table 10 - Results of CDW, VFA and PHA in ‘Control’ (no added salt)
conditions
PHA
Time (h)

(g/l)

Yield (g

PHA (%

PHA/g VFA)

CDW)

0

0.00

0.00

0.00

3

0.10(± 0.05)

0.00

8.6

6

0.29(± 0.15)

0.65

20.7

22

3.60(± 0.17)

0.35

59.9

24

3.90(± 0.13)

0.34

60.9

26

4.08(±0.08)

0.32

60.9

28

3.54(±0.20)

0.27

49.2

30

3.72(±0.23)

0.27

54.7

32

3.85(±0.15)

0.25

61.1

48

3.32(±0.18)

0.13

53.5

50

3.22(±0.2)

0.11

52.9
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Table 11 - Results of CDW, VFA and PHA in 3.5 g/l NaCl media
PHA
Time (h)

Yield (g PHA/g

PHA (%

VFA)

CDW)

(g/l)

0

0.00

0.00

0.0

4

0.23 (±0.13)

0.44

32.9

24

4.52 (±0.23)

0.32

75.3

26

4.45 (±0.19)

0.28

71.8

28

4.34(± 0.21)

0.24

63.8

30

4.32(± 0.15)

0.22

61.7

48

2.92(± 0.25)

0.10

41.1

50

2.64(± 0.26)

0.09

38.3

Table 12 - Results of CDW, VFA and PHA in 6.5 g/l NaCl media
Time
(h)

PHA
(g/l)

Yield (g

PHA (%

PHA/g VFA)

CDW)

0

0.00

0

0.00

3

0.27(± 0.03)

0

0.00

6

0.35 (± 0.09)

0.18

14.00

24

4.58 (± 0.12)

0.38

76.33

26

4.78 (± 0.21)

0.37

77.10

28

4.72 (± 0.19)

0.34

74.92

30

4.65 (± 0.08)

0.31

75.00

48

4.02 (± 0.1)

0.16

74.44
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Table 13 - Results of CDW, VFA and PHA in 9 g/l NaCl media
Time
(h)

PHA
(g/l)

Yield (g

PHA (%

PHA/g VFA)

CDW)

0

0.00

0.00

0.00

3

0.34 (± 0.18)

0.39

80.95

6

0.73 (± 015)

0.33

56.15

24

5.33 (± 0.24)

0.41

78.38

26

5.21 (± 0.26)

0.36

72.36

28

5.14 (± 0.28)

0.33

69.46

30

4.5 (± 0.17)

0.27

61.64

48

4.32 (± 0.13)

0.17

63.53

50

4.12 (± 0.30)

0.16

63.38

Table 14 - Results of CDW, VFA and PHA in 12 g/l NaCl media
Time
(h)

PHA
(g/l)

Yield (g

PHA (%

PHA/g VFA)

CDW)

0

0.00

0

0.00

3

0.19 (± 0.18)

0

47.50

6

0.34 (± 015)

0.13

34.00

24

1.3(± 0.24)

0.11

68.42

26

1.63 (± 0.26)

0.13

60.20

28

1.62 (±0.28)

0.12

60.00

30

1.59 (± 0.17)

0.11

54.83
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48

1.12 (± 0.13)

0.04

35.00

50

0.95 (± 0.13)

0.03

27.14

Table 15 - Results of CDW, VFA and PHA in 15 g/l NaCl media
Time
(h)

PHA
(g/l)

Yield (g

PHA (%

PHA/g VFA)

CDW)

0

0.00

0

41.97

3

0.14 (± 0.18)

0

13.81

6

0.12 (± 015)

0.03

7.97

8

0.32(± 0.24)

0.06

18.85

24

0.32(± 0.24)

0.02

11.85

26

0.24 (± 0.26)

0.03

22.03

28

0.45 (±0.28)

0.03

21.56

30

0.37 (± 0.17)

0.02

17.49

48

0.27 (± 0.13)

0.02

20.24

In order to monitor online PHA concentration, the capacitance was measured using
the Aber Instruments’ Futura probe as reported previously (Kedia et al., 2013). The
probe was calibrated by the manufacturer between the conductivities of 1 mS/cm and
40 mS/cm. The conductivity of the media for the control fermentation (no added salt)
was very low (between 1 - 1.2 mS/cm). For all the other salt concentrations the
conductivity was between 18-23 mS/cm, thereby providing dependable readings. The
probe was incapable of recording a reliable capacitance, so no online measurements
of bacteria growth and PHA concentration for the control experiment have been
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reported. Figures 35 -3 9 show the capacitance and PHA profile for the salt
concentrations fermentations of 3.5 g/l, 6.5 g/l, 12 g/l and 15 g/l NaCl, respectively.
The measurement of real-time capacitance correlated well with the fermentation
process throughout the experiment, indicating cell growth in the first few hours of
fermentation and PHA accumulation and cell lyses in the later period. This validation
was demonstrated by correlating capacitance with ex-situ PHA measurements.
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Figure 35 - Profile of capacitance and PHA in 3.5 g/l NaCl media
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Figure 36 - Profile of capacitance and PHA in 6.5 g/l NaCl media
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Figure 37 - Profile of capacitance and PHA in 9 g/l NaCl media
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Figure 39 - Profile of capacitance and PHA in 15 g/l NaCl media
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When comparing the fermentations with salt concentrations of 3.5 g/l, 6.5 g/l, 9 g/l,
12 g/l and 15 g/l NaCl (Tables 11-15 and Figures 35-39), it was shown that for 3.5
g/l NaCl fermentation, PHA degradation started after 36 h, whereas in the 6.5 g/l, 9
g/l and 12 g/l NaCl fermentation, PHA degradation started as early as 28 h. If the
fermentation was to run for a period of 24 h only, the 9 g/l NaCl fermentation would
have consumed approximately 1 g/l less VFA and yielded 1 g/l more PHA than the
3.5 g/l NaCl fermentation (Table 11, 13).
Even though the maximum PHA accumulation in all cases was around the same time
(24 – 26 h), the window for harvesting PHA was very short in 9 g/l and 12 g/l NaCl
fermentations as compared to the 3.5 g/l and 6.5 g/l NaCl fermentations (Figures 3538). As reported earlier by Kedia et al., 2013, harvesting time is critical for
increasing PHA yield. It was even more significant for the highest yield condition,
i.e., the 9 g/l NaCl fermentation where the harvesting window was very short. It was
also observed that after 36 h there was an increase in capacitance in the 9 g/l NaCl
fermentation, which may have been due to the intracellular content of dead cells
being utilised by other viable cells as nutrients either for growth or PHA
accumulation (Figure 37).
In the fermentations with increasing salt concentration, that is, for 9 g/l, 12 g/l and 15
g/l NaCl fermentations, it was observed that the capacitance readings were not as
constant as the lower salt fermentation, i.e., 3.5 g/l and 6.5 g/l NaCl, with more
frequent peaks and drops in the capacitance values, indicating that the cells were
most likely under stress leading to frequent increase and decrease in PHA levels (as
indicated by the probe) (Figures 37-39). Under stress conditions, the production and
degradation ability of the polymer has been known to improve bacterial survival, but
the mechanisms have not yet been fully understood. However, the relationship
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between the presences of intracellular PHA in bacteria to stress endurance was
demonstrated in a number of earlier studies (Kadori et al., 2003, Zhao et al., 2007).
In most cases, stress response was also accompanied by PHA degradation. Breedveld
et al. (1993) reported that R. leguminosarum and R. meliloti responded to the
exposure of osmotic stress by concurrently degrading PHA and increasing the
cellular trehalose content.
The level of consumption of VFA was similar for all salt concentrations. It was
therefore, likely that during the higher salt concentrations fermentation of 12 g/l and
15 g/l NaCl, the bacteria were accumulating PHA, but at the same time utilising it to
overcome the stress and hence there was only a maximum of 1.63 g/l and 0.45 g/l
PHA accumulated within the cells for 12 g/l NaCl and 15 g/l NaCl, respectively
(Tables 14, 15). The high fluctuation in capacitance readings for those two
fermentations further supported this hypothesis (Figures 38, 39). Even in the 9 g/l
NaCl fermentation, the cells were under stress and partially degrading PHA in order
to overcome stress (Figure 37). Despite being outside the scope of this study, this
phenomenon of partial degradation and the potential impact on the properties of
intracellular PHA affected by different salt concentrations and related stress effects
should be further evaluated.
Natarajan et al. (1995b) measured the specific activity of PHA degrading enzyme βhydroxybutyrate dehydrogenase and found decreased activity of the enzyme in
Rhizobium DDSS 69 at 6% NaCl concentration. Therefore, it is likely that at 3.5 g/l
and 6.5 g/l NaCl concentration, the PHA degradation was slower due to decreased
activity of β-hydroxybutyrate dehydrogenase and hence significant PHA degradation
did start until after 36 – 38 h. But at higher salt concentrations of 9 g/l, 12 g/l and 15
g/l NaCl, significant PHA degradation occurred after 26 – 28 h.
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Another important finding was related to the level of PHA content found contained
within the cells (Tables 10-15). The cells in the fermentations with 3.5 g/l, 6.5 g/l and
9 g/l NaCl were more packed with PHA with 75%, 77% and 78% PHA of CDW,
respectively than when compared to the control condition, which exhibited only 60%
PHA of its cell dry weight. Campbell and Reece (2005) reported that with the
increase in the osmotic pressure, C. necator like other bacteria shrink to allow the
efflux of water from within the cell into the environment and also let go of any
cellular component that is less significant for survival. Therefore, NaCl addition may
cause the bacteria to eliminate unnecessary cell content, to make space for more
PHA granules and as a result, the cells may become more packed under osmotic
stress. It may also be of interest to evaluate any potential influence of osmotic stress
and increase in salt concentrations in the stimulation of phasin protein, which allow a
greater packing of the cell.
Tables 10-15 show the PHA concentrations and yields achieved from the different
NaCl concentration experiments studied in this work. It was shown that the high salt
concentration at 12 g/l and 15 g/l NaCl were inhibitory for PHA accumulation as
there was very little/no PHA accumulated in the cells, even though the bacteria were
able to grow under these conditions. For 12 g/l NaCl fermentation, the CDW was 2.5
g/l at 26 h of fermentation but with a PHA accumulation of only 1.63 g/l (65%
CDW) and for 15 g/l NaCl fermentation, the CDW was 2.3 g/l at 26 h of
fermentation but with a PHA accumulation of only 0.45 g/l (20% CDW) (Figure 33;
Tables 14, 15). Breedveld et al., (1993) reported NaCl inhibition on the PHA
biosynthetic pathway causing PHA degradation and activation of other metabolic
process such as trehalose synthesis to address the high osmotic pressure for bacteria
R. leguminosarum and R. meliloti.
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This study was conducted with only five different salt concentrations at 3.5, 6.5, 9,
12 and 15 g/l NaCl. Therefore, it is possible that the optimum concentration of NaCl
that can provide the adequate stress for the optimal PHA accumulation may be in
between these concentrations, but based on this study, it can be concluded that the
optimum salt concentration is closest to the 9 g/l NaCl concentration. More studies
would need to be conducted to conclude the optimal salt concentration for PHA
accumulation by C. necator in nutrient media and the effect of NaCl on the
enzymatic activity of C. necator. Those concentrations will likely to be influenced by
other elements in the media such as potassium and calcium and may also change
with a variety of carbon sources. Optimisation for concentrations, can however be
supported by continuous measurements of capacitance provided by the dielectric
spectroscopy probe.

6.4 Conclusions
For the shake flask experiments, the addition of salt enhanced bacterial growth
immensely as compared to copper addition and trace element addition to the growth
media. NaCl addition showed a 133% increase in CDW as compared to the control at
6 h of fermentation, and showed a 75% increase in CDW as compared to copper and
trace element additions at 6 h of fermentation. For the fed batch fermentations, the 9
g/l NaCl fermentation resulted in the highest PHA content and yield. An application
of external stress could be used as a simple strategy for a significant improvement in
PHA production. When NaCl at a concentration of 9 g/l was added to the growth
medium, maximum PHA concentration of 5.33 g/l with a yield of 0.41 g/g VFA was
obtained, which was 30% higher than for control. However, when the salt
concentration was further increased to 15 g/l, the cells were not able to accumulate
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PHA and the NaCl concentration was inhibitory. Further work is required to provide
the optimal salt concentration for PHA accumulation by C. necator in nutrient media
for a variety of carbon sources and to investigate the effect of salt on the on the
enzymatic activity of C. necator and properties of the PHA produced.
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Increasing PHA yields from
Cupriavidus necator by using
Filtered Digestate Liquors

148

Chapter 7

Digestates are by-product/waste residuals from anaerobic digestion (AD), a widely
used process that degrades and stabilises organic wastes, reducing their impact in the
environment and at the same time, producing renewable energy in the form of
methane and hydrogen. The use of digestate liquors as nutrient culture media for
PHA production had not previously been investigated. Residual digestates that have
served the purpose of producing methane could be used as culture media for PHA
production whilst establishing nutrient concentration and recovery facilities at the
same time.
In this chapter (and as defined in Section 3.14.4 - Experimental Regime 4), the PHA
productivity using digestates from the following sources have been evaluated.
(i) D 1 - A laboratory based single stage digester operating on a simulated recipe of
food waste. The digester was operated at a 25 day HRT using an organic loading rate
of 2.6 g VS/l.day.
(ii) D 2 – A mixture of 1:1 (v/v) of D1 and a digestate from a laboratory based 2stage (bioH2 + bioCH4) system operating on wheat feed (Massanet-Nicolau et al.,
2013).
The above digestates were micro filtered (pore size 0.22 µm) and the liquors were
used for this study. A control in the form of conventional nutrient media (NM) was
also studied alongside. Using the micro-filtered permeate from digestates D1 and D2
as culture media and the VFA mixture as substrate with pure culture C. necator;
fermenter productivity, PHA yield and PHA% of CDW have been evaluated.
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7.1 PHA production from nutrient media and digestates
Figure 40 shows the CDW profile for NM in comparison with the other two digestate
based media D1 and D2, during a 50 h fermentation period. Figure 41 shows the
PHA accumulation profile during the same period.
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Figure 40 - Profile of CDW throughout the fermentations for media NM, D1
and D2
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Figure 41 - Profile of PHA throughout the fermentations for media NM, D1 and
D2
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The maximum PHA production for NM was 4.02 g/l PHA (78% CDW) at 28 h of
fermentation. This time also coincided with the maximum conversion of VFA into
PHA (Table 16), which was 0.21 g PHA/g VFA consumed. The average VFA left in
the media at the end of the fermentation was 0.45 g/l from the 37.48 g/l of consumed
VFA. On comparing the CDW profiles, it was found that the CDW for NM at 6 h of
fermentation was drastically higher by 2.2 g/l than that of D1 at 6 h and also higher
by 0.1 g/l than that of D2 at 18 h. This may be attributed to the higher levels of
phosphate and sulphate nutrients in NM (Figure 47). It is proposed that the nutrients
present in NM may have been in a form that were more bioavailable, since NM has
been classified as a simple media that does not have any complex constituents.
Similar laboratory studies for C. necator growth using Luria Broth (LB), which is
similar to NM, but utilised tryptone instead of peptone, reported maximum CDW of
2.5 g/l (Berezina, 2013).

Table 16 - VFA profile and PHA yield for media NM
Time

Consumed

Yield PHA (g/g

PHA (g/l)

OD (650 nm)

(h)

VFA (g/l)

VFA consumed)

0

NA

NA

0.04( ± 0.19)

0.16( ± 0.22)

3

NA

NA

0.22( ± 0.22)

0.95 (± 0.25)

6

2.89

0.22

0.64 (± 0.13)

1.633( ± 0.21)

24

16.78

0.13

2.26 (± 0.17)

2.184 (± 0.20)

26

18.03

0.12

2.16 (± 0.20)

2.243 (± 0.28)

28

19.6

0.21

4.02 (± 0.16)

2.291 (± 0.22)

151

Chapter 7

30

21.25

0.18

3.91( ± 0.21)

2.357 (± 0.28)

48

37.48

0.09

3.51 (± 0.09)

2.692 (± 0.21)

At 48 h of fermentation period, a maximum PHA production of 4.62 g/l PHA with C.
necator for D1 was achieved (Figure 41). This result was statistically different from
the control (NM), as determined by a t-test (p = 0.00026). The PHA produced,
however, accounted for 84% CDW in D1 media. Hence, even though the maximum
PHA produced with D1 was higher than NM by only 0.6 g/l PHA; the biomass
generated from D1 had a higher concentration of PHA. The initial growth rate of C.
necator in D1 media was not as high as in NM (Figure 40), with the CDW for NM
and D1 at 6 h as 3.3 g/l and 1.1 g/l, respectively. This may be due to the complex
nature of digestates, which as a media may have nutrients that are less readily
available for initial bacterial growth. At the maximum PHA accumulation time, 1 g
VFA only yielded 0.14 g PHA (Table 17). The VFA to PHA conversion was higher
at 30 h of fermentation (0.23 g PHA/g VFA), which may have also indicated that the
maximum conversion may have been between the 30 h and 48 h, during which time
samples were not collected. This highlights the need for an online PHA monitoring
tool that could indicate the time for maximum PHA accumulation and therefore the
optimum time to harvest (Chapter 6). The average VFAs left in the media at the end
of the fermentation were 1.75 g/l out of the 35.18 g/l VFA consumed.
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Table 17 - VFA profile and PHA yield for D1 media
Time

Consumed

Yield PHA (g/g

PHA (g/l)

OD (650 nm)

(h)

VFA (g/l)

VFA consumed)

0

0.2

0.62

0.12 (± 0.15)

0.211 (± 0.20)

3

1.18

0.11

0.12 (± 0.36)

0.288 (± 0.34)

6

3.11

0.05

0.14 (± 0.19)

0.325 (± 0.3)

24

17.37

0.14

2.40 (± 0.24)

2.187 (± 0.31)

26

19.39

0.14

2.80 (± 0.09)

2.334 (±0.25)

28

20.98

0.23

3.77 (± 0.15)

2.36 (± 0.27)

30

22.44

0.23

3.85 (± 0.17)

2.404( ± 0.34)

48

33.33

0.14

4.62 (± 0.12)

2.467 (± 0.31)

50

35.18

0.1

3.55 (± 0.08)

2.47 (± 0.27)

At 43 h of fermentation, a maximum PHA production of 12.29 g/l PHA was
achieved for D2 (Figure 41). This result was statistically different from the control
(NM), as determined by a t-test (p = < 0.0001). The PHA also accounted for 90%
CDW in D2 media fermentation, the highest reported so far in pure culture studies.
Previously, Cavalheiro et al., 2009; Hafuka et al., 2011; Khanna and Srivastava,
2006 and Yan et al., 2003 reported PHA production in the range between 2 – 9 g/l.
The use of D2 resulted in the maximum conversion of VFA into PHA (0.48 g PHA/g
VFA), which also coincided with the maximum PHA accumulation time (Table 18).
The average unconsumed VFA concentration at the end of the fermentation was 0.83
g/l out of the 28.5 g/l VFA consumed. The initial growth rate of C. necator in D2
media was not as high as NM (Figure 40) with the CDW for NM at 6 h higher than
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that of D2 at 18 h by 0.1 g/l. This could be as result of the non bio-availability of
ready nutrients in the digestate media. However, there was a considerable increase in
biomass after 20 h, which would then be the time that the bacteria were mostly in the
PHA accumulation mode.

Table 18 - VFA profile and PHA yield for D2 media
Time

Consumed

Yield PHA (g/g

PHA (g/l)

OD (650 nm)

(h)

VFA (g/l)

VFA consumed)

0

0.35

1.54

0.04 (± 0.24)

0.196 (± 0.27)

2

0.27

2.22

0.06 (± 0.19)

0.198 (± 0.21)

18

6.89

0.13

0.88 (± 0.21)

1.267 (± 0.25)

20

8.63

0.16

1.36 (± 0.15)

1.72 ±( 0.28)

22

10.4

0.19

1.94 (± 0.17)

1.975 (± 0.24)

24

11.94

0.24

2.82 (± 0.17)

2.272 (± 0.26)

26

13.97

0.26

3.57 (± 0.05)

2.336( ± 0.20)

40

24.25

0.32

7.69 (± 0.12)

2.566 (± 0.22)

43

25.76

0.48

12.2 (± 0.11)

2.734 (± 0.22)

45

26.95

0.45

12.1 (± 0.16)

2.629 (± 0.20)

48

28.5

0.35

10.11 (±0.13)

2.659 (± 0.26)
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The instant decrease in DO levels (Figure 42A) for NM as compared to the lagged
decrease for D1 and D2 further indicated that D1 and D2 did not support bacterial
growth as well as NM. This can also be validated from Figure 42B, which shows the
similar lag in the rise in stirrer speeds for D1 and D2 as compared to NM. The
increase in stirrer speed indicated that the bacteria were growing and required more
oxygen.
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Figure 42- Profile of DO (A) and Stirrer speed (B) throughout the fermentations
for media NM, D1 and D2
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7.2 Individual assessment of the effects of nutrients and metals on PHA
production
The effect of a number of nutrients and metals has been evaluated for NM as well as
D1 and D2 for the growth and PHA accumulation in C. necator. Detailed analysis at
key stages i.e., at the start of fermentation (0 h), at 24 h, at the approximate
maximum PHA accumulation and at the end of fermentation has been presented.

7.2.1 Ammonia
Ammonia was present in a quantity of 405 mg/l at the start of the fermentation in
NM and at maximum PHA accumulation; there was still 337 mg/l ammonia present
in the media. Ammonia is essential for initial cell growth but ammonia limitation in
later stages is known to be one of the reasons to trigger PHA accumulation (Johnson
et al., 2010a). High ammonia levels in NM might not have been able to cause the
necessary stress required in terms of nutrient limitation to result in effective PHA
accumulation (Figure 43). In D1, ammonia was present in high a quantity (622 mg/l)
and was consumed throughout the fermentation and at no stage was there ammonium
limitation (Figure 43), which may explain the fairly long ‘stationary phase’ for PHA
accumulation and the lower levels of accumulated PHA (Figure 41). Previous
research has stated that when nutrients are present in excess amounts, low levels of
PHA are accumulated (Serafim et al., 2004). In D2, ammonia was present in levels
higher than NM but lower than D1 (410 mg/l) and was consumed throughout the
fermentation (Figure 43) and at no stage was there ammonium limitation, which may
have restricted maximum PHA accumulation.
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Figure 43 - Profile of ammonia (mg/l) for media NM, D1 and D2.
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.2 Potassium
Potassium is required by all gram negative bacteria for their growth (Gabriel Lester,
1957). The levels of potassium in NM, initially at 131 mg/l (Figure 44), seem to have
had a positive effect on cell growth (Figure 40), since the generic role of potassium
in bacterial cells is to permit adaptation to elevated osmolarity (Epstein, 2003). In
NM, osmolarity shifts seemed to be less due to low levels of sodium (107 mg/l)
(Figure 44). In D1, potassium was present in much higher quantities than NM (584
mg/l), but not consumed. In fact, potassium levels increased as the fermentation
progressed, which is contradictory to what is expected, since potassium uptake in
general is a response to the increase in media osmolarity. The resultant high
potassium levels indicate a possible inhibitory action on initial cell growth.
Potassium levels were higher in D2 than NM, which may have affected growth
negatively (Figure 44).
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Figure 44 - Profile of potassium (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.3 Magnesium
Low levels of magnesium (below 400 mg) in E. coli have known to contribute to
reduced growth rates, since energy in the form of adenosine triphosphate (ATP) must
be bound to Mg in order to be biologically active in every cell. Magnesium
deficiency has also been stated to affect the structure and function of the ribosome in
many gram positive and negative bacteria (Webb, 1966). The increase in the
magnesium level at 24 h in NM and then subsequent consumption (Figure 45) may
indicate that magnesium may have become more soluble and hence more
bioavailable at later stages. Another possibility could be that another nutrient may
play a parallel role affecting Mg uptake or that magnesium may be more necessary
while the bacteria accumulate PHA, playing a dual role. These assumptions can be
made from comparing the magnesium uptake levels in NM and D2 that show that
even though magnesium was available in more quantity in D2; approximately only 4
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mg/l was consumed (Figure 45). In D1, magnesium was present in low levels (7
mg/l) and not consumed at all, which seemed to affect cell growth and which also
focuses on the parallel effect/co-dependence of another nutrient affecting the reduced
magnesium consumption. D2 media was distinguished in the nutrient analysis with
its levels of magnesium with 55 mg/l as compared to 7 mg/l and 5.3 mg/l in NM and
D1, respectively (Figure 45). Also, more magnesium was consumed in D2 (4 mg/l)
than in NM and D1. This may indicate that the cells tried to maintain osmotic
balance and hence higher PHA accumulation.
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Figure 45 - Profile of magnesium (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)
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7.2.4 Nitrate
The presence of nitrate in D1 and its complete consumption in the early hours of
fermentation indicated that it may be a vital nutrient for growth and PHA
accumulation in C. necator (Figure 46). However, Carter et al. (1995) studied that
some soil and sediment bacteria such as Pseudomonas, Aeromonas and Moraxella
were capable of aerobic nitrate respiration though the reason or advantage for this
phenomenon was not made apparent. Soil bacteria C. necator needs to be
investigated for that potential for a possible explanation of nitrate consumption. The
presence of nitrate in D2 and its complete consumption similar to D1 may indicate
that nitrate was also an important nutrient for cell growth and PHA accumulation that
lacked in NM (Figure 46).
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Figure 46 - Profile of nitrate (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)
.
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7.2.5 Phosphate and Sulphate
The phosphate levels in NM (162 mg/l) were close to the levels of phosphate in D2
(172 mg/l) and proved that phosphate was an essential nutrient for cell growth since
it is a constituent of nucleic acids, nucleotides, phospholipids, etc and that was
lacking in D1 (23 mg/l) (Figure 47). Phosphorus limitation at 4 g/l has been known
to increase PHA concentration in Pseudomonas putida (Lee et al., 1999b). The
concentrations of phosphate in NM and D2 for C. necator may have been at the
limiting ratio.
The sulphate levels in D2 (43 mg/l) were lower than NM (73 mg/l) but higher than
D1 (24 mg/l) (Figure 47), which may explain why initial bacterial growth in D2 was
slightly higher than D1 (Figure 40), making sulphate an essential nutrient in bacterial
growth.
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Figure 47 - Profile of phosphate and sulphate (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.6 Sodium and Chloride
The sodium levels in NM (93.62 mg/l) were quite low as compared to that of D1
(1022 mg/l) and D2 (1924 mg/l) (Figure 48). High levels of sodium in the digestates
may have contributed to slower bacterial growth in the initial hours.
The chloride levels in NM demonstrated a similar pattern as in sodium with NM
(113.41 mg/l) having lower levels as compared to that of D1 (935 mg/l) and D2
(2186 mg/l) (Figure 48).
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Figure 48 - Profile of sodium and chloride (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)
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7.2.7 Copper and Nickel
Copper has been stated to be a vital metal for the initiation of growth in C. necator
(Casida Jr., 1998). The absence of copper along with low levels of nickel is likely to
have contributed to low PHA accumulation in NM (Figure 49), even though bacterial
growth did not seem to be affected (Figure 40). The presence of copper, which
promoted growth, definitely made D2 (0.35 ppm) a better media than D1 (0.15 ppm)
and NM (nil).
The steady growth of C. necator has been associated with the presence of nickel
(Repaske and Repaske, 1976). The presence of nickel seemed to favour D1 (0.22
ppm). D1 showed considerable release of nickel back into the media at maximum
PHA accumulation time (Figure 49). In D2, the presence of nickel (0.13 ppm)
certainly seemed to result in a closer packaging of PHA within the cells and hence
more PHA.
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Figure 49 - Profile of copper and nickel (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.8 Zinc and Manganese
Zinc at a concentration of 500 ppm was found to have no growth inhibition in soil
bacteria (Anyanwu et al., 2011). In E.coli, Zn2+ at a concentration of 653 ppm was
found to be toxic and decreased survival of the bacteria (Babich and Stotzky, 1978).
The concentration of zinc was the highest in D2 (initials at 1.05 ppm) as compared to
D1 (0.23 ppm) and NM (0.58 ppm), in which the concentrations were too low
(Figure 50). Zinc seems to be a vital metal for PHA accumulation because it was at a
much higher comparative concentration in D2 which showed maximum PHA
accumulation. Babich and Stotzky (1978) also found that the presence of NaCl in the
media resulted in the formation of Zn-Cl species, which in some cases was more or
less toxic than zinc itself. Also, some bacteria could tolerate higher concentrations of
Zn in the presence of Na-Cl which contributed the chloride to form ZnCl.
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Manganese is both vital and lethal to bacteria. In E.coli, manganese has a significant
role in signal transduction while in most cyanobacteria, manganese is important for
certain metabolic pathways (Jakubovics and Jenkinson, 2001). Manganese has been
known to support endospore formation, structure and germination in Bacillus
subtilis. Even though the function of manganese in bacteria has been previously
studied, the concentration at which it changes from essential to toxic has not been
investigated. Manganese was almost similar in D1 (initials at 0.58 ppm) and D2
(0.56 ppm) and seemed to play a more vital role in PHA accumulation than in
bacterial growth (Figure 50).
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Figure 50 - Profile of zinc and manganese (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.9 Tin and Iron
The general presence of tin is known to affect bacterial cells harmfully, and hence
organotins are widely used in bactericides. Many organotin compounds are toxic to
bacterial mitochondria in the cell and capable of cell damage (Martins et al., 2005).
The lower levels of tin in NM (0.27 ppm) may hence be beneficial to bacterial
growth as compared to those in D1 (0.79 ppm) and D2 (0.51 ppm) media. At
maximum PHA accumulation time, tin was available in slightly higher
concentrations (0.91 mg/l) in NM which may have affected PHA accumulation
negatively (Figure 51). The presence of the slightly higher levels of tin in D1 as
compared to NM may have contributed to the lower growth rates in D1 (Figure 51).
In D2, tin was present in levels lower than D1 but higher than NM. In all the three
media, tin was consumed in the first 24 h and then released back into the media
(Figure 51).
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In bacterial cells, iron has various functions from influencing cell composition,
intermediary metabolism, secondary metabolism and enzyme activity and also cell
maintenance, and protection against radical ions (Messenger and Barclay, 2010). In
E. coli and B. subtilis, iron is vital for DNA synthesis, amongst other functions
(Messenger and Barclay, 2010). Iron was at the highest concentration in D2 (0.75
ppm) as compared to D1 (0.32 ppm) and NM (0.34 ppm). D2 shows the trend of
release of iron into the media while NM and D1 show consumption trends, though
the reason for this cannot be explained (Figure 51). The higher concentration of iron
in D2 seemed to benefit PHA accumulation.
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Figure 51 - Profile of tin and iron (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.10 Molybdenum and Cobalt
Molybdenum is known to be essential at the active site in many bacterial enzymes
that principally catalyze oxo-transfer reactions for the metabolism/catabolism of
nitrogen, sulphur and carbon compounds (Magalon et al., 2011). A high
concentration of molybdenum (95 ppm) has been reported to negatively affect the
formation of siderophores in A. vinelandii (Report, International Molybdenum
Association). Molybdenum was only present in NM at 6.6 ppm concentration and
none in D1 and D2 (Figure 52). Molybdenum seemed to have played a vital role in
bacterial cell growth that was lacking in D1 and D2.
As a trace element, cobalt is a necessity in bacteria to fulfil diverse metabolic
functions. However, at high intracellular concentrations, the Co2+ metal ion is
extremely toxic. In the presence of 100 mM CoCl2, cell growth in E.coli was
radically damaged by an approximately 71% decrease in optical density (Ranquet et
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al., 2007). This study also found that there was an intercellular competition between
iron and cobalt because the addition of iron citrate protected the cells from cobalt
toxicity to some extent. Cobalt was absent in NM and present in D1 (0.03 ppm) and
D2 (0.05 ppm) (Figure 52). However, their concentration seemed too low to be toxic
(at 5.09 x 10-4 mM and 8.4 x 10-4 mM for D1 and D2, respectively) and seemed to
have a more beneficial effect of PHA accumulation.
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Figure 52 - Profile of molybdenum and cobalt (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)
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7.2.11 Antimony and Barium
Antimony was present in the highest concentration in NM (0.1 ppm) as compared to
D1 (0.09 ppm) and absent in D2 (Figure 53). However, whether antimony was toxic
or beneficial in these cases remains unknown. From this study, it seemed that
antimony was more beneficial to bacterial growth than PHA accumulation.
In certain bacteria like P. aeruginosa and Achromobacter, barium contributed to
maintaining the structure and organisation of the cell wall whereas, in others like, N.
agilis and Azotobacter, a low concentration of Ba2+ (560 – 5600 ppm) strongly
inhibited growth (Report, Environmental Health Criteria). Barium was absent in NM
but present in D1 (0.03 ppm) and D2 (0.034 ppm), which may have affected cell
growth but may have acted as a light metal stress to enhance PHA production (Figure
53).
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Figure 53 - Profile of antimony and barium (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)

7.2.12 Silicon and Aluminium
The role of silicon in C. necator is not well documented. Silicon was present in NM
(5.47 ppm), D1 (5.78 ppm) and D2 (5.1 ppm). NM and D2 showed high silicon
consumption (more than 75% in both cases) by 24 h of fermentation (Figure 54). D1
also demonstrated silicon consumption but not as much as NM and D2. Silicon
appeared to benefit bacterial growth as it was consumed by all media in the first 24 h
of fermentation.
Aluminium is usually characterised as having essentially toxic ions with no known
biological function in bacteria (Silver, 1983). Aluminium in concentrations between
0.1 – 10 mg/l are known to be toxic to E.coli and clearly dependant on pH with
increasing toxic effects as the pH decreases from 7.2 towards 5.2 (Bojic et al., 2002).
Another study by Guida et al. in 1992 found that growth inhibition in E.coli was
observed at concentrations of 25 ppm – 60 ppm at pH 5.4 – 6.6 (Pina et al., 1996).
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Based on the above studies, it is difficult to conclude the role of aluminium in C.
necator. Aluminium was only present in NM (0.45 ppm) and was absent in both D1
and D2 (Figure 54) and seemed to benefit cell growth.
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Figure 54 - Profile of silicon and aluminium (mg/l) for media NM, D1 and D2
(At the start of the fermentation (0 h), at 24 h, at approximate maximum PHA
accumulation and at the end of the fermentation)
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7.3 The influence of nutrients and metals on PHA production
7.3.1 The influence of nutrients and metals on PHA production in nutrient
media (NM)
No previous study has evaluated the optimum concentration or the precise functions
of most nutrients and trace elements with regards to C. necator especially with the
purpose of PHA accumulation, accept for Repaske and Repaske (1976) had stated
concentrations of certain nutrients needed for growth of C. necator, above which, the
nutrient had no longer any effect. The minimum saturating concentrations for iron,
magnesium, sulphate and phosphate were 10-5 M, 10-4 M, 8 x 10-5 M and 5 – 6 x 10-4
M, respectively.
For NM, the concentrations of iron, sulphate and phosphate which were consumed
by the end of the fermentation were 2.4 x 10-6, 7.3 x 10-5 M and 2.6 x 10-4 M,
respectively. Magnesium was consumed until PHA accumulation and then released
back into the media. However, it must be considered that the concentrations of
nutrients for NM were for the whole process while the ones mentioned by Repaske
and Repaske (1976) were only for growth. It is also important to note that the lower
nutrient consumption in the case of NM may indeed be underestimated as analysis
were only performed at key stages of the fermentation and in between the presented
points the consumption and bio-availability of the nutrients were not measured.
NM proved to be a good media for bacterial cell growth with C: N: K: P: S of 4245:
64: 2.4: 3.6: 1. Sulphate, phosphate, molybdenum and low tin levels may have
assisted growth while excess ammonia, low zinc, iron and magnesium levels may
have affected PHA accumulation. The absence of elements such as nitrate, copper,
manganese, cobalt, barium and nickel may have resulted in restricted PHA
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accumulation despite a reasonable growth phase. It could be possible that certain
nutrients/metals such as nitrate and copper that are absent in NM, are compensated
by a higher utilization of other nutrients/metals.

7.3.2 The influence of nutrients and metals on PHA production using microfiltered digestate from food waste (D1)
For D1, the concentrations of iron, sulphate and phosphate which were consumed in
the complete fermentation were 1.4 x 10-6 M, 2.3 x 10-4 M and 9.8 x 10-5 M,
respectively.
D1 proved to have the essential elements present for better PHA storage than NM
with C: N: K: P: S of 5015: 4.2: 0: 1: 3. However, D1 did not favour cell growth as
well as NM due to higher concentrations of potassium and tin, low levels of sulphate,
phosphate, magnesium and absence of molybdenum and aluminium. D1 has had
better PHA packaging than NM possibly due to the presence of copper, nickel,
manganese, nitrate, zinc, iron, cobalt and barium and hence managed to accumulate
more PHA than NM in spite of low initial cell growth.

7.3.3 The influence of nutrients and metals on PHA production using artificial
food waste and digestate from wheat feed (D2)
Since maximum PHA accumulation was from D2 media, the results have been
presented in more detail over two fermentation phases, namely, the growth phase (0 20 h) and the accumulation phase (20 h – 43 h).
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Growth phase (0 – 20 h): The concentrations of magnesium, sulphate and phosphate
which were consumed in the growth phase were 2 x 10-4 M, 2.5 x 10-4 M and 5 x 10-4
M, respectively. Mg and PO4 values seemed to correspond well to the ones
mentioned by Repaske and Repaske. Sulphate concentration was higher in D2, and
also appeared to benefit bacterial growth. The C: N: K: P: S of the growth phase for
D2 was 761: 31: 1: 3.5: 1.9.

Accumulation phase (20 – 43 h): D2 proved to be the best media for PHA
accumulation with C: N: K: P: S of 1132: 11: 3: 1.7: 1 for both phases, even though
it had a low cell growth initially. D2 was slightly better than D1 in terms of cell
growth during the ‘growth phase’ of the bacteria, but not as well as NM. The
nutrients and elements present in D2 were so far the best for maximum PHA
accumulation. D2 seemed to provide greater nutrition for cell growth and enhanced
PHA accumulation by almost two fold as compared to D1 and NM. Further
investigation is necessary for optimising the nutrients for D2 to encourage better cell
growth without compromising the level of nutrients needed for PHA accumulation.
In most cases, in D1 and D2, the levels of potassium, magnesium, copper, tin, nickel,
zinc, cobalt, barium and iron were at higher levels at later stages in the fermentation
than at the start (Figures 44, 45 and 49-53). This could be explained by the
possibility of the metals being released by the bacterial cells or because metal
solubility increased only at later stages of the fermentation. The limited sampling at
only the key stages as well as analysis of nutrients and metals analysis only for the
liquid phase of the filtered digestate may have overlooked some elements uptake in
between the stages associated with a possible solubilisation of elements during the
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fermentation. It would therefore be of benefit that metal speciation in digestates and
nutrient media is further investigated in terms of precipitation, adsorption, and
organo-metal binding effects. In addition, the following investigations are likely to
be of interest (i) Evaluation of the loss of nutrients and trace metals due to filtration
(ii) More frequent sampling in between the key stages should take place with metal
analysis of the media (iii) In addition, measuring the concentration of the elements in
the whole media as well as inside the cells would be beneficial at various stages of
the fermentation.
In all the three media, nutrients were seen to be utilized from the media environment
and incorporated into the new cells. This indicated that a simple recycle of the full
contents of the nutrients left in the media to the next fermentation was not possible
but in many cases a partial recovery would be possible. In addition, recovered and
lysed bacterial cells have the potential of being fermented again and release nutrients.
So after the completion of the first bioprocess, the media has the potential to be
reused after appropriate removal of biomass by centrifugation or by filtration and
could be reutilised by the addition of with some of the nutrients that have been
consumed to an appropriate level.
From this experimental regime, it can be concluded that potassium; magnesium,
sulphate, phosphate, copper, nickel, silicon, aluminium and molybdenum play
essential roles in good growth of the bacteria whereas ammonia, nitrate, copper,
nickel, zinc, manganese, iron, cobalt and barium play a vital role in PHA
accumulation which could be supplied by filtered digestate liquors. The possibility of
these nutrients having overlapping roles in both, growth and accumulation cannot be
neglected, neither can co-parallel nutrients effects. Other parameters that have not
been measured could have also played a role.
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7.4 Conclusions
Digestates can be rich in a number of nutrients (e.g. N, P, K, and S) and include a
number of trace elements (such as Co, Fe, Se, Mo, Ni etc.) and can provide key
nutrients and an ideal environment for PHA accumulation, resulting in close packing
of PHA within cells. The use of filtered digestate liquors resulted in a better yield of
PHA (12 g/l, 90% CDW) when compared with conventional nutrient media. The
cells had a higher concentration of PHA, and up to 48% of VFA was converted into
PHA. The widespread use of PHAs could also present advantages compared to nonbiodegradable bioplastics by reducing operational problems at AD plants, for
example, by increasing the quality of resultant digestates by reducing contamination
issues if PHAs are to be integrated in bio-based packaging and food waste collection
bin bags, thereby contributing to an effective recycling loop. Further investigations
are still required to conclude on the full impact of the use of digestate liquors and a
variety of nutrients in the bacterial growth and accumulation phases of PHA
production.
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Overall Results, Conclusions and
Future Work
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This chapter presents the overall results, conclusions from the work carried out and
suggestions for future work to follow on. The work covered investigations in the
fermentation process using the bacteria C. necator when utilising selected VFAs for
PHA production. Novel improvements were achieved through optimisation of
environmental factors, substrate feeding regimes, enhanced nutrient and metal
supplied within the culture media utilising digestates, and the use of biocapacitance
for real-time monitoring and controlling PHA harvesting for maximum product
recovery.

8.1 Overall Results
Tables 19 -23 summarise the results from all the experimental regimes to support
comparisons for the overall results. Significant improvements in PHA yields were
achieved by optimising substrate feeding, enhancing PHA production using low cost
NaCl and digestate liquors and optimising the PHA harvesting process. The Tables
contain results as a mean with standard deviations provided within brackets for
duplicate/triplicate analysis and in some cases, mean results from duplicate
experiments and standard deviations. Standard deviations from triplicate analysis of
OD, CDW and PHA yields were low, which provided good accuracy for the results
generally above 98%.
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Table 19 - Overall Results for shake flask experiments

Description

Best
result

Variables

Time

OD max

(h)

(650 nm)

CDW
max
(g/l)

Experimental Regime 1 – Investigating the effect of environmental conditions
for the growth of C. necator
To determine the
optimum
basic
media
for
the
growth
of
C.
necator

Media –
Nutrient
media, Nutrient 26
Mineral Media and media
Tryptone Soya Broth
at 30°C

To determine the Temperatures –
optimum
temperature for the 25, 30 and 35°C
growth
of
C. for nutrient media
necator

30°C

30

1.70
(±0.02)

-

1.78

-

(±0.03)

Experimental Regime 3 - Evaluation of the effects of trace element and sodium
chloride conditions for the growth of C. necator
To investigate and
compare the effects
of
certain
nutrient/metal
additions
on
bacterial
cell
growth
in
C.
necator

Additions to nutrient
media
–
trace
element
solution Sodium 26–
(without
copper), chloride 30
copper
sulphate
solution,
sodium
chloride and control

1.80

1.80

(±0.02)

(±0.06)

In Experimental Regime 1, nutrient media resulted in the highest growth of the
bacteria C. necator with an OD of 1.7 as compared to the OD of 1.27 and 0.70 for
mineral media and tryptone soya broth, respectively. Nutrient media at 30°C also
demonstrated a higher OD of 1.78 as compared to the OD of 1.73 and 1.23 for the
temperatures of 25 and 35°C, respectively. Hence, nutrient media at 30°C was used
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for all the control conditions used in PHA accumulation studies for the control
experiments.
In Experimental Regime 3, NaCl contributed to the greatest enhancement in the early
growth of bacteria C. necator with a CDW of 1.4 g/l, followed by copper with a
CDW of 0.8 g/l and then followed by the other trace elements combined with a CDW
of 0.8 g/l as compared to a control that showed a CDW of 0.6 g/l at 6 h of
fermentation. Also, at the end of the experiment, i.e. at 30 h, NaCl addition
demonstrated the highest CDW of 1.8 g/l as compared to copper addition, trace
element addition and the control which showed CDW of 1.5, 1.1 and 1.6 g/l,
respectively. Hence, the effects of NaCl additions in varying concentrations were
investigated on the PHA production in C. necator.
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Table 20 - Overall Results for Experimental Regime 1
Investigating the VFA feeding regimes for optimal PHA accumulation by C.
necator

Time

OD

CDW

max
PHA (h)

(650
nm)

(g/l)

Batch fermentation
PHA production with
acetic acid single
pulse feed – 1% acetic
acid v/v

32

2.32

3.80

1.64

(±0.02)

(±0.07)

(±0.09)

Batch fermentation
PHA production with
acetic acid single
pulse feed – 2% acetic
acid v/v

32

2.72

4.20

2.83

(±0.03)

(±0.05)

(±0.07)

Batch fermentation
PHA production with
acetic acid single
pulse feed – 3% acetic
acid v/v

32

2.64

4.10

2.46

(±0.05)

(±0.08)

(±0.11)

Batch fermentation
PHA production with
acetic acid single
pulse feed – 4% acetic
acid v/v

32

2.34

2.90

0.79

(±0.02)

(±0.05)

(±0.06)

Batch fermentation
PHA production with
acetic acid single
pulse feed – 5% acetic
acid v/v

27

2.15

2.40

0.78

(±0.02)

(±0.07)

(±0.09)

Batch fermentation
PHA production with
butyric acid single
pulse feed – 1%
butyric acid v/v

49

2.61

3.70

1.91

(±0.04)

(±0.09)

(±0.1)

Description
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PHA
max

PH
A%

PHA yield
(g PHA/g
VFA)

43

0.23

(g/l)

(±0.02)

67

0.18
(±0.08)

60

0.10
(±0.55)

27

0.15
(±0.05)

32

0.17
(±0.01)

51

0.33
(±0.07)
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Batch fermentation
PHA production with
butyric acid single
pulse feed – 2%
butyric acid v/v

51

Batch fermentation
PHA production with
butyric acid single
pulse feed – 3%
butyric acid v/v

54

Batch fermentation
PHA production with
butyric acid single
pulse feed – 4%
butyric acid v/v

48

Batch fermentation
PHA production with
butyric acid single
pulse feed – 5%
butyric acid v/v

48

Fed batch
fermentation for PHA
production with acetic
acid continuous feed
based on pH control

29

Fed batch
fermentation for PHA
production with
butyric acid
continuous feed based
on pH control

44

2.15

4.00

2.56

(±0.03)

(±0.03)

(±0.02)

1.82

4.40

2.21

(±0.02)

(±0.07)

(±0.13)

1.93

1.70

0.97

(±0.03)

(±0.05)

(±0.15)

1.85

1.50

0.88

(±0.05)

(±0.06)

(±0.11)

2.23

7.00

4.95

(±0.01)

(±0.15)

(±0.13)

2.76

7.70

4.97

(±0.04)

(±0.22)

(±0.16)

64

0.15
(±0.02)

50

0.09
(±0.01)

57

0.13
(±0.01)

58

0.16
(±0.03)

71

0.33
(±0.05)

64

0.22
(±0.02)

As seen from Table 20, during the pulse feeding regime, VFAs at a concentration of
2% for acetic acid as well as butyric acid showed maximum PHA accumulation
among the VFA concentration of 1, 3, 4 and 5% investigated. The maximum PHA
accumulation was found to be 2.83 g/l at 32 h (67% CDW) for acetic acid and 2.56
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g/l at 51 h (64% CDW) for butyric acid. Continuous feeding of VFAs caused higher
PHA accumulation in an earlier time, for both VFAs. Using this technique, the
maximum PHA accumulation was found to be 4.9 g/l at 29 h (71% CDW) for acetic
acid and 5.1 g/l at 44 h (65% CDW) for butyric acid. For acetic acid, the PHA yield
increased by 73%, from 2.83 g/l PHA in single feed (2% acetic acid) to 4.9 g/l in the
continuous feed. For butyric acid, the PHA yield increased by 99%, from 2.56 g/l
PHA in single feed (2% butyric acid) to 5.1 g/l in the continuous feed. A longer
accumulation phase when butyric acid was the substrate rather than acetic acid was
verified to be due to the uptake rate for butyric acid being slower than acetic acid by
the bacterial culture.
The continuous feeding strategy was more effective and increased PHA yield by
almost two fold as compared to the pulse feeding technique for both substrates.

Table 21 - Overall Results for Experimental Regime 2
Monitoring of fermentation process and biopolymer accumulation in C. necator
using dielectric spectroscopy for optimal PHA harvesting

Capacitance
max – in situ

Time of max
Capacitance

PHA max
– ex situ

Time of
max PHA

(pF/cm)

(h)

(g/l)

(h)

Fed batch fermentation for
PHA production with acetic
acid as carbon source in
single frequency mode

1.33

29.4

4.95

29

Fed batch fermentation for
PHA production with acetic
acid as carbon source in
single dual frequency mode

1.101

Description

(±0.15)

27.7

4.95
(±0.11)
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Fed batch fermentation for
PHA production with HCl as
pH control and no carbon
source in dual frequency
mode

0.5

Fed batch fermentation for
PHA production with butyric
acid as carbon source in dual
frequency mode

1.99

7.1

0.20

6

(±0.07)

67.2

5.14

51

(±0.09)

The use of dielectric spectroscopy in the capacitance probe proved beneficial to
monitor PHA accumulation in-situ, online and in real time. It facilitated an improved
understanding of fermentation process and determination of the optimum time to
harvest PHA, for acetic and butyric acids. The probe measured also different
capacitance results when acetic or butyric acids were used as the substrate. A higher
capacitance was determined during maximum accumulation of PHA with butyrate as
the substrate as compared to acetic acid. As seen in Table 21 and from further data in
Chapter 5, a strong correlation (R2 = 0.862) was observed between the capacitance
measurements for PHA and off-line PHA measurements when acetic and butyric
acids were used as substrates, separately. Best correlations were realised when dual
frequency mode was used. The probe would be able to replace off-line PHA
measurements, giving an accurate and real time description of the PHA profile
during the entire process.
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Table 22 - Overall Results for Experimental Regime 3
Evaluating the effect of sodium chloride on C. necator during growth and PHA
accumulation
Time max

CDW

PHA (h)

(g/l)

3.5 g/l NaCl
concentration, acetic
acid as carbon source

24

6.5 g/l NaCl
concentration, acetic
acid as carbon source

26

9 g/l NaCl
concentration, acetic
acid as carbon source

24

12 g/l NaCl
concentration, acetic
acid as carbon source

26

15 g/l NaCl
concentration, acetic
acid as carbon source

28

Control – no added
NaCl, acetic acid as
carbon source

26

Description
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PHA
max (g/l)

PHA
(%)

PHA yield (g
PHA/g VFA)

6

4.52

75

0.32

(±0.15)

(±0.23)

6.3

4.95

(±0.15)
2

(±0.21)

6.4

5.33

(±0.19)

(±0.24)

2.7

1.63

(±0.07)

(±0.26)

2.9

0.45

(±0.13)

(±0.28)

6.4

4.08

(±0.07)

(±0.08)

(±0.04)
77

0.37
(±0.07)

78

0.41
(±0.05)

60

0.13
(±0.03)

20

0.03
(±0.03)

61

0.32
(±0.03)
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As seen in Table 22, among the five NaCl concentrations investigated, 9 g/l NaCl
addition demonstrated highest PHA accumulation with highest PHA content of 78%
within the bacterial cells. This was a 30% increase in PHA accumulation and the
maximum accumulation was 2 h faster as compared to the control. A maximum PHA
concentration of 5.33 g/l was obtained with 9 g/l NaCl addition to the nutrient
medium, which was 17% and 10% higher than 3.5 g/l NaCl concentration and 6.5 g/l
NaCl concentration fermentations, respectively. Fermentation with 9 g/l NaCl also
resulted in maximum conversion of VFA into PHA with a yield of 0.41 g/g as
compared to 0.32 g/g PHA yield in the control condition. Duplicate runs were
performed with accuracy over 95%, except for the 12 and 15 g/l NaCl runs where
greater variability was found.
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Table 23 - Overall Results for Experimental Regime 4
Increasing PHA yields from C. necator by using filtered digestate liquors

Description

Time
max
PHA

OD

CDW

PHA

(650
nm)

(g/l)

(g/l)

2.46

5.5

4.62

(±0.02)

(±0.15)

(±0.12)

PH
A%

(h)
Fed batch
fermentation,
Digestate 1
(food waste),
acetic:
butyric acid
(1:1) as
carbon source
Fed batch
fermentation,
Digestate 2
(food waste +
wheat feed),
acetic:
butyric acid
(1:1) as
carbon source

Fed batch
fermentation,
Control –
nutrient
media, acetic:
butyric acid
(1:1) as
carbon source

48

84

PHA
yield (g
PHA/g
VFA)

0.14
(±0.09)

Nutrient
ratios
C:N:K:P:
S

5015: 4.2:
0: 1: 3

Growth
761: 31: 1:
3.5: 1.9
43

2.73

13.6

12.29

(±0.05)

(±0.11)

(±0.11)

90

0.48
(±0.08)

Accumulat
ion
1132: 11:
3: 1.7: 1

28

2.29

5.1

4.02

(±0.01)

(±0.19)

(±0.16)
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4245: 64:
2.4: 3.6: 1
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The use of filtered digestate liquors showed increased PHA production for C.
necator. Using digestate 2, which was a mixture of food waste and wheat feed
digestate, as a culture media resulted in the production of 12 g/l PHA at 43 h, when
additional VFAs (acetic and butyric acid) were utilised as the carbon source, the
highest reported so far for C necator and for pure culture studies. It also resulted in
PHA accumulation that was 90% of the CDW. When compared with conventional
nutrient media, the cells demonstrated a higher concentration of PHA, and up to 48%
of VFA was converted into PHA when this digestate was used. When digestate 1
(food waste only) was used, a maximum PHA production of 4.62 g/l at 48 h was
obtained. The reduced performance from digestate 1 was thought to be due to high
ammonium and potassium levels, which did not promote PHA accumulation and
bacterial growth, respectively. However, both digestates could not aid bacterial
growth as well as conventional nutrient media, even though they enhanced PHA
accumulation considerably and resulted in longer fermentation times. With digestate
2, the maximum accumulation time was followed by a very sharp reduction in PHA
(after 43-45 h), so determination of maximum accumulation time and polymer
recovery was fundamental.
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The results and outcome of this study will help benefit the industry of PHA
production by:
 Reduction of costs – The use of low cost substrates like digestates can contribute
immensely to this objective. Also with the PHA accumulation monitoring, indication
of harvesting time can help reduce product loss immensely by shorter fermentation
periods with reduction in fermenter size and capital. For e.g., for the butyric acid
experiment (Table 21), the probe demonstrated that harvesting the bacterial culture at
52 h of fermentation rather than letting it run until 72 h, would have not only saved
20 h of fermentation running costs, but would have also saved the 20 g/l butyric acid
lost in the process, since between 52 - 72 h, the levels of PHA were fairly constant
and the bacterial culture only seemed to be taking up butyric acid with no additional
PHA gain.
 Achieving greater efficiencies - Optimisation of feeding regimes of VFA
substrates would help lead to greater competence in PHA production by allowing
higher PHA yields, earlier PHA accumulation and better conversions of VFA into
PHA allowing more polymer produced per carbon source consumed.
 Enhancing PHA yields – Addition of NaCl and the use of high nutrient, low value
media like digestates would help increase PHA production considerably.

PHA production is a broad scientific and technological field and diversity in
biotechnology process efficiencies and product characteristics result from a number
of factors including the microbial community and the feedstocks/nutrients used as
well as fermentation regimes implemented and the large variety of PHAs produced.
Although significant contributions to knowledge and improvements have been
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achieved through this study, there are many more investigations that have yet to be
conducted related to PHA production in order to improve process understanding and
establish completely optimised processes and operations. Conclusions and some
suggestions for future investigations as a direct follow on from this work have been
summarised in the next chapter.

8.2 Conclusions
8.2.1 Experimental Regime 1 – Investigating environmental conditions and VFA
feeding regimes for optimal PHA production
Three culture media and 25, 30 and 35oC of temperature were investigated. Nutrient
media, made up of peptone and meat extract, resulted in the highest growth of the
bacteria C. necator as compared to mineral media and tryptone soya broth. Highest
growth was also verified for 30oC. Hence, nutrient media at 30°C was used for all the
control conditions used in PHA accumulation studies.
Feeding strategies for VFAs as a substrate were studied in order to determine the
effects and potential for improvements in PHA yields, i.e. the increased conversion
of VFAs to PHA. The results established that continuous feeding of VFAs as pH
control resulted in enhanced yields and greater accumulation when compared to
single pulse feeding of VFAs. Bacterial growth was considered adequate at
continuous feeding based on pH.
During the pulse feeding regime, VFAs at a concentration of 2% for acetic acid as
well as butyric acid showed maximum PHA accumulation among the VFA
concentration of 1, 2, 3, 4 and 5% investigated. Feeding of VFAs in a continuous
regime automated for pH control resulted in an increase in the yield of nearly double
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of PHA (up to 4.9 and 5.1 g/l, for acetic and butyric acids, respectively) and reduced
the time (from 32 to 29 h and 51 to 44 h for acetic and butyric acids, respectively) for
maximum PHA accumulation in the bacterial cells. The results indicated that the use
of continuous VFA feeding based on pH control had the advantage of permitting the
bacteria to take up VFAs as per their requirement maintaining optimum pH level and
preventing substrate inhibition. The bacteria were able to accumulate PHA as soon as
there was a nutrient deficiency. Also, in the single pulse feeding regime, in order to
control pH, a 5M NaOH solution was added after the addition of VFA, which was no
longer necessary to be added in the case of continuous feeding as the fermenter
would take up VFA in just enough quantity to control the pH, reducing chemical use
and eliminating the possibility of Na toxicity.

8.2.2 Experimental Regime 2 – Monitoring of fermentation process and
biopolymer accumulation in C. necator using dielectric spectroscopy for optimal
PHA harvesting
The novel use of the dielectric spectroscopy probe, which was improved by operating
on a dual frequency mode, enabled the identification of the dynamic phase of
maximum PHA accumulation in real-time, online and in a non-invasive mode,
thereby indicating the optimum time to harvest the fermentation culture for
maximum product recovery and reduced substrate utilisation. A strong correlation
(R2 = 0.862) was observed between the capacitance indications for PHA and external
PHA measurements when acetic and butyric acids were used as substrates,
separately. The probe also facilitated online monitoring of fermentation process and
indicated the potential to improve the PHA production process understanding and
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optimisation through the implementation of models and application of control
strategies.
In an industrial setting, as different carbon sources are used, this tool could help
increase process efficiency and reduce costs by indicating PHA harvesting time for
different substrates, allowing PHA to be a more competitive biopolymer in the
market. Further work is however required to verify this ability for a variety of
microbes, feedstocks and fermentation conditions.

8.2.3 Experimental Regime 3 - Evaluating the effect of trace metals and sodium
chloride on C. necator during growth and PHA accumulation
Applications of stress mechanisms could be used as strategies for improvements in
PHA production. Some stress mechanisms that have been previously evaluated for
specific fermentation conditions have been through chemical, metal or environmental
means. Three main factors were evaluated in this study i.e. trace elements (zinc,
manganese, boric acid, cobalt, nickel and sodium molybdate), copper and NaCl
additions. Shake flask preliminary studies demonstrated that the addition of NaCl
contributed to the greatest enhancement in the early growth of bacteria C. necator.
The further investigations at laboratory scale fermentations performed using a nonreactive, non-toxic, and low-cost NaCl addition, further demonstrated a positive
effect on PHA accumulation by C. necator. The NaCl concentrations evaluated
against the control condition were 3.5, 6.5, 9, 12 and 15 g/l. An enhanced PHA
accumulation was achieved using a NaCl addition of 9 g/l i.e. faster (by 2 h) and a
30% increase in PHA. However, when the salt concentration was further increased to
12 and 15 g/l, the cells were not able to accumulate as much PHA and the NaCl
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concentration was significantly inhibitory. NaCl addition to growth media for PHA
production is likely to be a comparatively low cost technique when used on a large
scale, when compared to increased temperature and other types of chemical or metal
stress. NaCl is expected to be residual in the fermentation media at the end of PHA
recovery from the cells and could, in principle, be able to be reutilised in subsequent
fermentations, and hence has been investigated in greater detail in this study.

8.2.4 Experimental Regime 4 - Increasing PHA yields from C. necator by using
filtered digestate liquors
The use of filtered digestate liquors showed an increased PHA production for C.
necator. Digestate 2 demonstrated the highest PHA accumulation with 12.29 g/l at
43 h of fermentation, which was a 200% increase as compared to the control. It was
also the highest PHA accumulation reported for C. necator. The more favourable
mixture of nutrients in D2 (i.e. macro elements for C: N: K: P: S were for growth
761: 31: 1: 3.5: 1.9 and for accumulation 1132: 11: 3: 1.7: 1) resulted in the bacterial
culture accumulating PHA to 90% of its CDW. The presence of certain nutrients and
metals in the digestates, such as potassium, magnesium, copper, nickel, sulphate and
phosphate may have supported good bacterial growth in the media while other
nutrients and metals like zinc, manganese, iron and copper may have caused the
necessary stress and resulted in improved PHA accumulation.
D1 demonstrated a maximum PHA production of 4.62 g/l at 48 h, which was
marginally higher than the control condition, which showed PHA accumulation of
4.02 g/l, however possibly the high ammonium and potassium levels did not allow a
greater accumulation performance.
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The use of digestates for PHA production have the benefits of being able to utilise a
potentially high source of nutrients, being a low cost media contributing to resource
recovery and waste treatment and PHA production being an alternative route to
digestate disposal that may lead to a valuable end product and reduce in some cases
localised environmental burden. Apart from these benefits, the reduction of
operational problems at anaerobic digestion plants would be possible if PHAs are to
be integrated in bio-based packaging and food waste collection bin bags replacing
synthetic plastics, which would also result in higher biogas (i.e. good methane yields
are achieved from PHAs and these would contribute to a higher C:N ratio in food
waste digesters, reducing ammonia inhibition) and improved digestate quality (i.e.
less plastic contamination), thereby contributing to an effective recycling loop.

8.3 Future Work
8.3.1 Experimental Regime 1 – Investigating environmental conditions and
selected VFA feeding regimes for optimal PHA production
This study optimised the substrate feeding regime based on pH control for PHA
production using the industrial bacteria, C. necator. However, the single pulse
feeding and continuous feeding regimes for VFAs were investigated for acetic and
butyric acids only. Investigations for the continuous feeding regime should also
cover other acids such as propionic and valeric acids and mixtures of VFAs. For
example, the use of propionic acid could contribute to the production of PHBV,
which has improved mechanical properties than PHB and is a more valuable
industrial polymer (Lee et al., 2008).
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Also, VFA feeding regimes based on the level of dissolved oxygen need to be
conducted for a more optimised system. This regime may facilitate the uptake of
VFAs when the DO level would fall below a certain value, indicating that the
bacteria were consuming oxygen for growth (Karlsson, 2005). After a few hours of
this ‘low-DO-state’, the bacteria may be in a condition of oxygen deficiency wherein
the availability of VFAs may allow for better polymer accumulation. Feeding
regimes based on a combination of parameters, such as DO and pH control, should
also be investigated.
Further investigations need to be carried out to evaluate the effect of carbon to
nutrient ratios on the VFA uptake rates. Studies also need to follow on higher
amount/concentration of VFAs that may enhance PHA production if supplied in the
accumulation phase. The effect of alkaline buffers on the possible inhibition of
higher concentrations of VFAs on the bacterial cells also remains to be investigated.

8.3.2 Experimental Regime 2 – Monitoring of fermentation process and
biopolymer accumulation in C. necator using dielectric spectroscopy for optimal
PHA harvesting
This study established a novel method to monitor PHA accumulation online and in
real-time through the use of a dielectric spectroscopy probe, which can be used for
control purposes as growth, accumulation and polymer reutilisation phases can be
monitored. This study was however conducted with a selection of VFAs only (i.e.
acetic and butyric acids and their mixtures). More investigations should be
performed with other VFAs as well as with more complex feedstocks to understand
the wider applicability of the defined methodology. The parameter in the range and
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variation of conductivity, in conjunction to capacitance, should be monitored to
establish and check whether the trends could provide greater insights into any aspect
of the PHA production process. For example, the ‘noise’ in the capacitance signal
should be further evaluated and contrasted with other techniques such as TEM
(Sudesh et al., 2000; Tian et al., 2005; Jendrossek et al., 2007; Sangkharak, 2008)
and other techniques such in vivo NMR (e.g. Lemos et al., 2007) as to better
understand bacterial kinetics and functions and effects in resultant PHA
characteristics. The capacitance probe should be further evaluated for the active
control of the PHA production process, e.g. optimise feeding regimes, carbon:
nutrient ratios, among others. In addition, the capacitance probe requires further
evaluations related to its applicability to other microbes and mixed culture PHA
fermentations.

8.3.3 Experimental Regime 3 - Evaluating the effect of trace metals and sodium
chloride on C. necator during growth and PHA accumulation
This study demonstrated that higher levels of PHA accumulation were achievable by
using NaCl coupled with a conventional nutrient media. While five NaCl
concentrations were evaluated for the improvement in PHA production, closer salt
concentrations could be investigated in order to state a definite salt concentration for
maximum PHA accumulation. The effect of NaCl on the enzymatic activity of C.
necator remains to be investigated in order to fully understand how NaCl affects key
PHA producing enzymes such as β-ketothiolase (Natarajan et al., 1995b). This would
provide an invaluable insight into the phenomenon of ‘stress enzymes trigger’ and
subsequent PHA production in C. necator. Also, this would aid in understanding the
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effect of NaCl on polymer composition and properties, which would be extremely
important industrially, if a scale up of this method, was to be implemented.
A thorough investigation should be conducted to investigate the effect of NaCl in
PHA synthesis, degradation and reutilisation. This may be achieved through the aid
of TEM analysis during the fermentation period, conducted at hours when significant
increase and decrease may be recorded using the capacitance probe.

8.3.4 Experimental Regime 4 - Increasing PHA yields from C. necator by using
filtered digestate liquors
This study achieved a significant improvement in PHA production by the use of
filtered digestate liquors as a culture media for growth and PHA production using C.
necator. While the study proved the advantages and disadvantages of many metals
present in the digestates towards bacterial growth and PHA accumulation, a study for
individual and also a combination of metal effects should be conducted. A nutrient
mass balance for each nutrient is also essential in order to understand, in detail, more
about the effect of each metal/nutrient on bacterial growth and accumulation of PHA
(similar to Yamane, 1992). The digestate that resulted in the highest PHA
accumulation did not result in good bacterial growth (possibly due to inhibition/stress
effects) as compared to the conventional nutrient media. Hence, more studies on
understanding how digestates composition could be altered for improved bacterial
growth, would be beneficial, which may in turn enhance PHA accumulation further
or trigger PHA accumulation at an earlier time, thereby reducing comparative
operational costs. The effect of digestates on polymer composition and properties
also remains to be investigated, to determine future applications of the product.
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On a general note, PHA quantification in all these studies was conducted using the
method by Law and Slepecky (1961), which is a time consuming method. A gas
chromatography method for PHA quantification has recently been setup, and will be
used for all future PHA measurements. This is also a measurement with HB and HV
related quantification and can be utilised for a wider range of feedstocks with no
interferences from sample turbidity and colour.

The future work to be carried out has been summarised in bullet points as follows:
 Investigations for the continuous feeding regime and investigations for the
capacitance probe application should cover other VFAs acids such as propionic and
valeric acid and mixtures of VFAs.
 VFA feeding regimes based on the level of dissolved oxygen need to be
conducted for a more optimised system and further investigations need to be carried
out to evaluate the effect of carbon to nutrient ratios on the VFA uptake rates.
 The capacitance probe requires further evaluations related to its applicability to
other microbes, mixed culture PHA fermentations and complex feedstock such as
digestates.
 The effect of NaCl on the enzymatic activity of C. necator and the effect of NaCl
on polymer composition and properties remains to be investigated.
 A nutrient mass balance for each nutrient in the digestate based media is essential
in order to understand more about the effect of each metal/nutrient on bacterial
growth and accumulation of PHA.
 The effect of digestates on polymer composition and properties remains to be
investigated.
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 A full LCA needs to be conducted, that would include the energy cost of
obtaining and using the bio-substrates. In this study, selected VFAs were used, which
were not energy neutral. LCA studies would also need to take into account of the
costs of manufacture and disposal of various different types of finished PHA
products whether these are high cost items such as medical devices or lost cost items
like bags for food waste disposal. LCA studies also need to take into account the
potential disposal of PHA via anaerobic digestion.

201

9
References

202

Chapter 9

Abe, H. and Doi, Y. (2002) ‘Molecular and material design of biodegradable
poly(hydroxyalkanoates)’, in Doi, Y. and Steinbüchel, A (ed.) Biopolymers 3,
Polyesters II. Wiley-VCH Weinheim, pp. 105-132.
Akaraonye,

E.,

Keshavarz,

T.

and

Roy,

I.

(2010)

‘Production

of

polyhydroxyalkanoates: the future green materials of choice’, Journal of
Chemical Technology and Biotechnology, 85, pp. 732-743.
Albuquerque, M., Concas, S., Bengtsson, S. and Reis, M. (2010a) ‘Mixed culture
polyhydroxyalkanoates production from sugar molasses: The use of a 2-stage
CSTR system for culture selection’, Bioresource Technology, 101, pp. 7112-7122.
Albuquerque, M., Eiroa, M., Torres, C., Nunes, B. and Reis, M. (2007) ‘Strategies
for the development of a side stream process for polyhydroxyalkanoate (PHA)
production from sugar cane molasses’, Journal of Biotechnology, 130, pp. 411421.
Albuquerque, M., Martino, V., Pollet, E., Averous, L. and Reis, M. (2011) ‘Mixed
culture polyhydroxyalkanoate (PHA) production from volatile fatty acid (VFA)rich streams: Effect of substrate composition and feeding regime on PHA
productivity, composition and properties’, Journal of Biotechnology, 151, pp. 6676.
Albuquerque, M., Torres, C. and Reis, M. (2010b) ‘Polyhydroxyalkanoate (PHA)
production by a mixed microbial culture using sugar molasses: Effect of the
influent substrate concentration on culture selection’, Water Research, 44, pp.
3419-3433.
Anderson, A. J. and Dawes, E. A. (1990) ‘Occurrence, metabolism, metabolic role,
and industrial uses of bacterial polyhydroxyalkanoates’, Microbiology Reviews,
54, pp. 450-472.
Anyanwu, C. U., Nwankwo, S.C. and Moneke, A. N. (2011) ‘Soil Bacterial
Response to Introduced Metal Stress’, International Journal of Basic & Applied
Sciences, 11(1), pp. 73-76.
Ashby, R. D., Solaiman, D. and Foglia, T. (2002) ‘The synthesis of short and
medium-chain-length poly(hydroxyalkanoates) mixtures from glucose or alkanoic
203

Chapter 9

acid-grown Pseudomonas oleovorans’, Journal of Industrial Microbiology and
Biotechnology, 28, pp. 147-153.
Babich, H. and Stotzky, G. (1978) ‘Toxicity of zinc to fungi, bacteria and coliphages:
influence of chloride ions’ Applied Environmental Microbiology, 36(6), pp. 906914.
Baptist, J. N. (1962) ‘Process for preparing poly-b-hydroxybutyric acid’, U.S. Patent
3,044,942.
Barium - Environmental Health Criteria (1990), International Programme on
Chemical

Safety.

World

Health

Organization,

Geneva.

Available

at

http://www.inchem.org/documents/ehc/ehc/ehc107.htm#SectionNumber:2.2.
(Accessed February 2014)
Barnes, D. K. A., Galgani, F., Thompson, R. C. and Barlaz, M (2009) ‘Accumulation
and fragmentation of plastic debris in global environments’ Philosophical
Transactions of the Royal Society B, 364(1526), pp. 1985-1998.
Beccari, M., Dionisi, D., Giuliani, A., Majone, M. and Ramadori, R. (2002) ‘Effect
of different carbon sources on aerobic storage by activated sludge’, Water Science
and Technology, 45(6), pp. 157-168.
Bengtsson, S., Pisco, A., Reis, M. and Lemos, P. (2010) ‘Production of
polyhydroxyalkanoates from fermented sugar cane molasses by a mixed culture
enriched in glycogen accumulating organisms’, Journal of Biotechnology, 145,
pp. 253-263.
Bengtsson,

S.,

Werker,

A.

and

Welander,

T.

(2008)

‘Production

of

polyhydroxyalkanoates by glycogen accumulating organisms treating a paper mill
wastewater’, Water Science and Technology, 58(2), pp. 323-330.
Berezina,

N.

(2013)

‘Novel

approach

for

productivity

enhancement

of

polyhydroxyalkanoates (PHA) production by Cupriavidus necator DSM 545’,
New Biotechnology, 30(2), pp. 192-195.

204

Chapter 9

Berger, E., Ramsay, B. A., Ramsay, J. A. and Chavarie, C. (1989) ‘PHB recovery by
hypochlorite digestion of non-PHB biomass’, Biotechnology Techniques, 3(4), pp.
227-232.
Bissery, M. C., Valeriote, F. and Thies, C. (1985) ‘Fate and effect of CCNU-loaded
microspheres made of poly(DL-lactide) or poly(ß-hydroxybutyrate) in mice’,
Proceedings of the International Symposium on Controlled Release and Bioactive
Materials, 12, pp. 69-70.
Bojić, A., Purenović, M., Kocić, B., Mihailović, D. and Bojić, D. (2002) ‘The
comparison of aluminium effects and its uptake by Escherichia coli in different
media’, Central European Journal of Public Health, 10(1-2), pp. 66-71.
Brandl, H., Gross, R. A., Lenz, R. W. and Fuller, R. C. (1988) ‘Pseudomonas
oleovorans as a source of Poly(β-hydroxyalkanoates) for Potential Applications as
Biodegradable Polyesters’, Applied and Environmental Microbiology , 54, pp.
1977-1982.
Braunegg, G., Lefebvre, G., Renner, G., Zeiser, A., Haage, G. and Loidl-Lanthaler,
K. (1995) ‘Kinetics as a tool for polyhydroxyalkanoate production optimization’,
Journal of Microbiology, 41, pp. 239-248.
Breedveld, M. W., Dijkema, C., Zevenhuizen, L. P. and Zehnder, A. J. (1993)
‘Response of intracellular carbohydrates to NaCl shock in Rhizobium
leguminosarum biovar trifolii TA-1 and Rhizobium meliloti SU-47’, Journal of
General Microbiology , 139, pp. 3157-3163.
British Plastics Federation, ‘Plastics Recycling’, www.bpf.co.uk. Accessed on March
2014.
Bryant, D., Morris, S., Leemans, D., Fish, S., Taylor, S., Carvell, J., Todd, R., Logan,
D., Lee, M., Garcia, N., Ellis, A. and Gallagher, J. (2011) ‘Modelling real-time
simultaneous saccharification and fermentation of lignocellulosic biomass and
organic acid accumulation using dielectric spectroscopy’ Bioresource Technology
, 102, pp. 9675-9682.
Byrom, D. (1987) ‘Polymer synthesis by microorganisms: technology and
economics’, Trends in Biotechnology, 5, pp. 246-250.
205

Chapter 9

Cachum, M. (2006) Indústria do plástico: os caminhos paracrescer e conquistar
novos

mercados.

Available

at

http://especiais.valoronline.com.br/seminarios/HotsiteIndustria_Plastico/Merheg
%20Cachum.ppt Accessed March 2013
Campbell, N. A. and Reece, J. B. ( 2005) Biology. 7th edn. New York: Pearson,
Benjamin Cummings.
Cannizzaro, C., Gugerli, R., Marison, I. and Von Stockar, U. (2003) ‘On-line
biomass monitoring of CHO perfusion culture with scanning dielectric
spectroscopy’, Biotechnology and Bioengineering, 84(5), pp. 597-610.
Carter, J. P., Hsaio, Y. H., Spiro, S. and Richardson, D. J. (1995) ‘Soil and sediment
bacteria capable of aerobic nitrate respiration’, Applied and Environmental
Microbiology, 61(8), pp. 2852-2858.
Carvell, J. and Dowd, J. (2006) ‘On-line measurements and control of viable cell
density in cell culture manufacturing processes using radio-frequency impedance’,
Cytotechnology, 50, pp. 35-48.
Casida Jr., L. E. (1998). ‘Response in Soil of Cupriavidus necator and Other
Copper-Resistant Bacterial Predators of Bacteria to Addition of Water, Soluble
Nutrients, Various Bacterial Species, or Bacillus thuringiensis Spores and
Crystals’, Applied and Environmental Microbiology , 54(9), pp. 2161-2166.
Castilho,

L.,

Mitchell,

D.

and

Freire,

D.

(2009)

‘Production

of

polyhydroxyalkanoates (PHAs) from waste materials and by-products by
submerged and solid state fermentation’, Bioresource Technology, 100, pp. 59966009.
Cavalheiro, J., Almeida, M., and Fonseca, M. (2012) ‘Adaption of Cupriavidus
necator to conditions favouring polyhydroxyalkanoate production’, Journal of
Biotechnology, 164, pp. 309-317.
Cavalheiro, J., Catarina, M., Grandfils, C. and Fonseca, M. (2009) ‘Poly(3hydroxybutyrate) production by Cupriavidus necator using waste glycerol’,
Process Biochemistry, 44, pp. 509-515.

206

Chapter 9

Chanprateep, S. (2010) ‘Current trends in biodegradable polyhydroxyalkanoates’,
Journal of Bioscience and Bioengineering, 110(6), pp. 621-632.
Chee, J., Yoga, S., Lau, N., Ling, S., Abed, R. and Sudesh, K. (2010) ‘Bacterially
Produced Polyhydroxyalkanoate (PHA): Converting Renewable Resources into
Bioplastics’, Current Research, Technology and Education Topics in Applied
Microbiology and Microbial Biotechnology, 2, pp. 1395-1404.
Chen, G. Q. (2009) ‘A microbial polyhydroxyalkanoate (PHA) based bio- and
materials industry’, Chemical Society Reviews, 38, pp. 2434-2446.
Chen,

G.

Q.

(2010)

‘Plastics

Completely

Synthesized

by

Bacteria:

Polyhydroxyalkanoates’, in Chen, G. Q. (ed.) Plastics from Bacteria: Natural
functions and Applications. Microbiology Monographs, 14, pp. 17-37.
Chen, G. Q. and Wu, Q. (2005) ‘The application of polyhydroxyalkanoates as tissue
engineering materials’, Biomaterials, 26, pp. 6565-6578.
Chen, H., Meng, H., Nie, Z. and Zhang, M. (2013) ‘Polyhydroxyalkanoate
production from fermented volatile fatty acids: Effect of pH and feeding regimes’,
Bioresource Technology, 128, pp. 533-538.
Chen, Y., Chen, J., Yu, C., Du, G. and Lun, S. (1999) ‘Recovery of poly-3hydroxybutyrate from Alcaligenes eutrophus by surfactant-chelate aqueous
system’, Process Biochemistry, 34, pp. 153-157.
Chen, Y., Yang, H., Zhou, Q., Chen, J. and Gu, G. (2001) ‘Cleaner recovery of
poly(3-hydroxy-butyric acid) synthesized in Alcaligenes eutrophus’, Process
Biochemistry, 36, pp. 501-506.
Chia, K., Ooi, T., Saika, A., Tsuge, T. and Sudesh, K. (2010) ‘Biosynthesis and
characterization of novel polyhydroxyalkanoate polymers with high elastic
property by Cupriavidus necator PHB-4 transformant’, Polymer Degradation and
Stability, 95, pp. 2226-2232.
Choi, J. and Lee, S. Y. (1999) ‘High-Level of Poly(3-hydroxybutyrate-co-3Hydroxyvalerate) by Fed-Batch Culture of Recombinant Escherichia coli’,
Applied and Environmental Microbiology, 65(10), pp. 4363-4368.

207

Chapter 9

Choi, J. and Lee, S. Y. (2000) ‘Economic considerations in the production of poly[3-(R)-hydroxybutyrate-co-3-(R)-hydroxyvalerate] by bacterial fermentation’,
Journal of Applied Microbiology and Biotechnology, 53, pp. 646-649.
Choi, J. and Sang, Y. (1997) ‘Process analysis and economic evaluation for poly(3hydroxybutyrate) production by fermentation’, Bioprocess Engineering, 17, pp.
335-342.
Chua, M., Takabatake H., Satoh, H. and Mino, T. (2003) ‘Production of
polyhydroxyalkanoates (PHA) by activated sludge treating municipal wastewater:
effect of pH, sludge retention time (SRT), and acetate concentration in influent’,
Water Research, 37, pp. 3602-3611.
Coats, E. R., Loge, F. J., Wolcott, M. P., Englund, K. and McDonald, A. G. (2007)
‘Synthesis of polyhydroxyalkanoates in municipal wastewater treatment’, Water
Environment Research, 79(12), pp. 2396-2403.
Crank, M., Patel, M., Marscheider-Weidemann, F., Schleich, J., Hüsing, B. and
Angerer, G. (2005) Techno-economic Feasibility of Large-scale Production of
Bio-based Polymers in Europe. Report Prepared for the European Commission’s
Institute

for

Prospective

Technological

Studies

(IPTS).

Available

at

http://ftp.jrc.es/EURdoc/eur22103en.pdf. Accessed December 2013.
Cruwys, J. A., Dinsdale, R. M., Hawkes, F. R. and Hawkes, D. L. (2002)
‘Development of a static headspace gas chromatographic procedure for the routine
analysis of volatile fatty acids in wastewaters’, Journal of Chromatography A,
945, pp. 195-209.
Daneshi, A., Younesi, H., Ghasempouri, S. and Sharifzedeh, M. (2010) ‘Production
of poly-3-hydroxybutyrate by Cupriavidus necator from corn syrup: statistical
modelling and optimization of biomass yield and volumetric productivity’,
Journal of Chemical Technology and Biotechnology, 85, pp. 1528-1539.
Davey, C., Markx, G. and Kell, D. (1993) ‘On the dielectric method of monitoring
cellular viability’, Pure and Applied Chemistry, 65, pp. 1921-1926.

208

Chapter 9

Dawes, E. A. (1990) ‘Novel Microbial Polymers: An Introductory Overview’, in:
Dawes, E. A. (ed.) Novel Biodegradable Microbial Polymers. The Netherlands:
Kluwer Academic Publishers, pp. 3-16.
Dawes, E. A. and Senior, P. J. (1973) ‘The role and regulation of energy reserve
polymers in microorganisms’, Advance in Microbial Physiology, 10(1), pp. 135266.
De Smet, M. J., Eggink, G., Witholt, B., Kingma, J. and Wynberg, H. (1983)
‘Characterisations of intracellular inclusions formed by Pseudomonas oleovorans
during growth on octane ’, Journal of Bacteriology, 154, pp. 870-878.
Dias, J. M., Lemos, P. C., Serafim, L. S., Oliveira, C., Eiroa, M., Albuquerque, M.G.,
Ramos, A.M., Oliveira, R. and Reis, M.A. (2006) ‘Recent advances in
polyhydroxyalkanoate production by mixed aerobic cultures: from substrate to the
final product’, Macromolecular Bioscience, 6(11), pp. 885-906.
Dionisi, D., Majone, M., Miccheli, A., Puccetti, C. and Sinisi, C. (2004) ‘Glutamic
Acid removal and PHB Storage in the Activated Sludge process Under Dynamic
Conditions’, Biotechnology and Bioengineering, 86(7), pp. 842-851.
Divyashree, M. S. and Shamala, T. R. (2009) ‘Effect of gamma irradiation on cell
lysis and polyhydroxyalkanoate produced by Bacillus flexus’, Radiation Physics
and Chemistry, 78, pp. 147-152.
Dobroth, Z., Hu, S., Coats, E. and McDonald, A. (2011) ‘Polyhydroxybutyrate
synthesis on biodiesel wastewater using mixed microbial consortia’, Bioresource
Technology, 102, pp. 3352-3359.
Doi, Y. (1990) Microbial polyesters. New York: VCH Publishers.
Doi, Y., Kawaguchi, Y., Koyama, N., Nakamura, S., Hiramitsu, M. and Kimura, H.
(1992) Synthesis and degradation of polyhydroxyalkanoates in Alcaligenes
eutrophus’, FEMS Microbiology Reviews, 103, pp. 103-108.
Doi, Y., Kawaguchi, Y., Nakamura, S., Kunioka, M. (1989) ‘Nuclear magnetic
resonance studies on poly(3-hydroxybutyrate) and polyphosphate metabolism in
Alcaligenes eutrophus’, Applied Environmental Microbiology, 55, pp. 2932-2938.

209

Chapter 9

Doi, Y., Kunioka, M., Nakamura, Y. and Soga, K. (1986) ‘Nuclear Magnetic
Resonance Studies on Poly(β-hydroxybutyrate) and a Copolymer of βhydroxybutyrate and β-hydroxyvalerate Isolated from Alcaligenes eutrophus
H16’, Macromolecules, 19, pp. 2860-2864.
Doi, Y., Kunioka, M., Nakamura, Y. and Soga, K. (1987) ‘Biosynthesis of
Copolyesters in Alcaligenes eutrophus H16 from

13

C-labelled Acetate and

Propionate’, Macromolecules, 20, pp. 2988-2991.
Du, C., Sabirova, J., Soetaert, W. and Lin, S. K. C. (2012) ‘Polyhydroxyalkanoates
Production from Low-cost Sustainable Raw Materials’, Current Chemical
Biology, 6(1), pp. 14-25.
Du, G. and Yu, J. (2002) ‘Green technology for conversion of food scraps to
biodegradable thermoplastic polyhydroxyalkanoates’, Environmental Science and
Technology, 36, pp. 5511-5516.
DSMZ – Leibniz-Institut, Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Germany. (Accessed November 2012)
Epstein, W. (2003) ‘The Roles and Regulation of Potassium in Bacteria’, Progress in
Nucleic Acid Research and Molecular Biology, 75, pp. 293-320.
European

BioPlastics

Market

(EuBP)

Data

(2012)

Available

at

www.europeanbioplastics.org. (Accessed March 2014)
Fang, F., Liu, X., Xu, J., Yu, H. and Li, Y. (2009) ‘Formation of aerobic granules
and their PHB production at various substrate and ammonium concentrations’,
Bioresource Technology, 100, pp. 59-63.
Fuchs, W. and Drosg, B., 2010. Technologiebewertung von Gärrestbehandlungsund

Verwertungskonzepten.

Universität

für

Bodenkultur.

Wien.

ISBN

3900962863, 9783900962869.
Fukui. T., Shiomi, N. and Doi, Y. (1995) ‘Expression and Characterization of (R)(R)–Specific Enoyl Coenzyme A Hydratase Involved in Polyhydroxyalkanoate
Biosynthesis by Aeromonas caviae’, Journal of Bacteriology, 180, pp. 667-673.

210

Chapter 9

Futui, T. and Doi, Y. (1998) ‘Efficient production of polyhydroxyalkanoates from
plant oils by Alcaligenes eutrophus and its recombinant strain’, Applied
Microbiology and Biotechnology, 49, pp. 333-336.
Gagnon, K. D., Lenz, R. W., Farris, R. J. and Fuller, R. C. (1992) ‘Crystallization
behaviour and its inﬂuence on the mechanical properties of a thermoplastic
elastomer produced by Pseudomonas oleovorans’, Macromolecule, 25, pp. 37233728.
Gao, T. and Li, X. (2011) ‘Using thermophilic anaerobic digestate effluent to replace
freshwater or bioethanol production’, Bioresource Technology, 102(2), pp. 21262129.
Ghatnekar, M. S., Pai, J. S. and Ganesh, M. (2002) ‘Production and recovery of poly3-hydroxybutyrate from Methylobacterium sp V49’, Journal of Chemical
Technology and Biotechnology, 77, pp. 444-448.
Global Engineering Plastics Market Analysis by Product Types, Applications &
Geography-

Trends

&

Forecasts

(2012-2017).

Available

at

www.marketsandmarkets.com. (Accessed January 2014)
Gomaa, E. Z. (2014) ‘Production of polyhydroxyalkanoates (PHAs) by Bacillus
subtilis and Escherichia coli grown on Cane Molasses Fortified with Ethanol’,
Brazilian Archives of Biology and Technology, 57(1), pp. 145-154.
Gorenflo, V., Schmack, G., Vogel, R. and Steinbuchel, A. (2001) ‘Development of a
process for the biotechnological large-scale production of 4-hydroxyvaleratecontaining polyesters and characterization of their physical and mechanical
properties’, Biomacromolecules, 2, pp. 45-57.
Gurieff, N. and Lant, P. (2007) ‘Comparative life cycle assessment and financial
analysis of mixed culture polyhydroxyalkanoate production’, Bioresource
Technology, 98, pp. 3393-3403.
Hafuka, A., Sakaida, K., Satoh, H., Takahashi, M., Watanabe, Y. and Okabe, S.
(2011) ‘Effect of feeding regimens on polyhydroxybutyrate production from food
wastes by Cupriavidus necator’, Bioresource Technology, 102, pp. 3551-3553.

211

Chapter 9

Hahn, S. K., Chang, Y. K., Kim, B. S. and Chang, H. N. (1994) ‘Communication to
the editor: Optimization of microbial poly(3-hydroxybutyrate) recovery using
dispersions of sodium hypochlorite solution and chloroform’, Biotechnology and
Bioengineering, 44, pp. 256-261.
Hahn, S. K., Chang, Y. K., Kim, B. S., Lee, K. M. (1993) ‘The recovery of poly(3hydroxybutyrate) by using dispersion of sodium hypochlorite solution and
chloroform’, Biotechnology and Bioengineering, 44, pp. 256-261.
Handrick, R., Reinhard, S. and Jendrossek, D. (2000) ‘Mobilization of poly(3hydroxybutyrate) in Ralstonia eutropha’, Journal of Bacteriology, 182, pp. 59165918.
Harding, K. G., Dennis, J. S., Blottnitz, H., Harrison, S. T. L. (2007) ‘Environmental
analysis of plastic production process: Comparing petroleum-based polypropylene
and polyethylene with biologically-based poly-β-hydroxybutyric acid using life
cycle analysis’, Journal of Biotechnology, 130, pp. 57-66.
Hejazi, P., Vasheghani-Farahani, E. and Yamini, Y. (2003) ‘Supercritical fluid
disruption

of

Ralstonia

eutropha

for

poly(-hydroxybutyrate)

recovery’,

Biotechnology Progress, 19, pp. 1519-1523.
Hempel, F., Bozarth, A., Lindenkamp, N., Klingl, A., Zauner, S., Linne, U.,
Steinbüchel, A. and Maier, U. (2011) ‘Microalgae as bioreactors for bioplastic
production’, Microbial Cell Factories, 10, pp. 81.
Hocking, P. J. and Marchessault, R. H. (1994) ‘Biopolyesters’, in Griffin, G. L. (ed.)
Chemistry and Technology of Biodegradable Polymers. London: Blackie
Academic & Professional.
Holmes, P. A. (1985) ‘Application of PHB: a microbially produced biodegradable
thermoplastic’, Physics in Technology, 16, pp. 32-36.
Holmes, P.A. (1988) ‘Biologically produced R(3)-hydroxyalkanoate polymers and
copolymers’, in Bassett, D. C. (ed.) Development in Crystalline Polymers.
London: Elsevier, pp. 1–65.

212

Chapter 9

Holt, J. G., Krieg, N. R., Sneath, P. A., Staley, J. T. and Williams, S. T. (1994)
Bergey's Manual of Determinative Bacteriology. 9th edn. Baltimore: Williams
and Wilkins, pp. 80-81.
Hopewell, J., Dvorak, R. and Kosior, E. (2009) ‘Plastic recycling: challenges and
opportunities’, Philosophical Translations of the Royal Society B, 364(1526), pp.
2115-2126.
Howells, E. R. (1982) ‘Opportunities in biotechnology for the chemical industry’,
Chemistry and Industry, 8, pp. 508-511.
Ibrahim, M. and Steinbüchel, A. (2009a) ‘Production from Glycerol by Zobellella
denitrificans MW1 via High-Cell-Density Fed-Batch Fermentation and Simplified
Solvent Extraction’, Applied and Environmental Microbiology, 75(19), pp. 62226231.
Ibrahim, M. and Steinbüchel, A. (2009b) ‘Zobellella denitrificans strain MW1, a
newly isolated bacterium suitable for poly(3-hydroxybutyrate) production from
glycerol’, Journal of Applied Microbiology, 108, pp. 214-225.
Ishizaki, A. and Tanaka, K. (1990) ‘Batch culture of Alcaligenes eutrophus ATTC
17697 using recycled gas closed circuit culture system’, Journal of Fermentation
and Bioengineering, 69, pp. 170-174.
Ishizaki, A. and Tanaka, K. (1991) ‘Production of poly-β-hydroxybutyric acid from
carbon dioxide by Alcaligenes eutrophus ATTC 17697’, Journal of Fermentation
and Bioengineering, 71, pp. 254-257.
Ishizaki, A., Tanaka, K. and Takeshita, T. (1994) ‘Equipment and operation for
fermentative PHB production using gaseous substrate to guarantee safety from
explosion’, Journal of Chemical Engineering of Japan, 26(2), pp. 225-227.
Jacquel, N., Lo, C. W., Wei, Y. H., Wu, H. S. and Wang, S. S. (2008) ‘Isolation and
purification of bacterial poly(3-hydroxyalkanoates)’, Biochemical Engineering
Journal, 39, pp. 15-27.

213

Chapter 9

Jakubovics, N. S. and Jenkinson, H. F. (2001) ‘Out of the Iron Age: New Insights
into the Critical Role of Manganese Homeostasis in Bacteria’, Microbiology, 147,
pp. 1709-1718.
Jendrossek, D., Selchow, O. and Hoppert, M. (2007) ‘Poly(3-Hydroxybutyrate)
Granules at the Early Stages of Formation Are Localized Close to the
Cytoplasmic Membrane in Caryophanon latum’, Applied Environmental
Microbiology, 73(2), pp. 586-593.
Jiang, X., Ramsay, J. A. and Ramsay, B. A. (2006) ‘Acetone extraction of mcl-PHA
from Pseudomonas putida KT2440’, Journal of Microbiological Methods, 67, pp.
212-219.
Jiang, Y., Chen, Y. and Zheng, X. (2009) ‘Efficient Polyhydroxyalkanoates
Production from a Waste-Activated Sludge Alkaline Fermentation Liquid by
Activated Sludge Submitted to the Aerobic Feeding and Discharge Process’,
Environmental Science and Technology, 20, pp. 7734-7741.
Jiang, Y., Marang, L., Kleerebezem, R., Muyzer, G. and Loosdrecht M. (2010)
‘Effect of temperature and cycle length on microbial competition in PHBproducing sequencing batch reactor’, The ISME Journal, 2011(5), pp. 896-907.
Jiang, Y., Marang, L., Kleerebezem, R., Muyzer, G. and Loosdrecht M. (2011)
‘Polyhydroxybutyrate Production from Lactate Using a Mixed Microbial Culture’,
Biotechnology and Bioengineering, 108(9), pp. 2022-2035.
Jiang, Y., Song, X., Gong, L., Li, P., Dai, C. and Shao, W. (2008) ‘High poly(βhydroxybutyrate) production by Pseudomonas fluorescens A2a5 from inexpensive
substrates’, Enzyme and Microbial Technology, 42, pp. 167-172.
Johnson, K., Jiang, Y., Kleerebezem, R., Muyzer, G. and Loosdrecht, M. (2009)
‘Enrichment of a Mixed Bacterial Culture with a High Polyhydroxyalkanoate
Storage Capacity’, Biomacromolecules, 10(4), pp. 670-676.
Johnson, K., Kleerebezem, R. and Loosdrecht, M. (2010a) ‘Influence of ammonium
on the accumulation of polyhydroxybutyrate (PHB) in aerobic open mixed
cultures’, Journal of Biotechnology, 147, pp. 73-79.

214

Chapter 9

Johnson, K., Kleerebezem, R. and Loosdrecht, M. (2010b) ‘Influence of the C/N
ratio on the performance of polyhydroxybutyrate (PHB) producing sequencing
batch reactors at short SRTs’, Water Research, 44, pp. 2141-2152.
Jung, I. L., Phyo, K. H., Kim, K. C., Park, H. K. and Kim, I. G. (2005) ‘Spontaneous
liberation of intracellular polyhydroxybutyrate granules in Escherichia coli’,
Research in Microbiology, 156, pp. 865-873.
Jung, K., Hazenberg, W., Prieto, M. and Witholt, B. (2001) ‘Two-stage continuous
process development for the production of medium-chain-length poly(3hydroxyalkanoates)’, Biotechnology and Bioengineering, 72, pp. 19-24.
Justice, C., Brix, A., Freimark, D., Kraume, M., Pfromm, P., Eichenmueller, B. and
Czermak, P. (2011) ‘Process control in cell culture technology using dielectric
spectroscopy’, Biotechnology Advances, 29, pp. 391-401.
Kadouri, D., Jurkevitch, E. and Okon, Y. (2003) ‘Involvement of the reserve material
poly-β-hydroxybutyrate in Azospirillum brasilense stress endurance and root
colonization’, Applied and Environmental Microbiology, 69, pp. 3244-3250.
Kaiser, J. (2010) ‘The Dirt on Ocean Garbage Patches’, Science, 328(5985), pp.
1506.
Kamnev, A. A., Tugarova, A. V. and Antonyuk, L. P. (2007). Endophytic and
Epiphytic Strains of Azospirillum brasilense respond differently to Heavy Metal
Stress’, Microbiology, 76(6), pp. 809-811.
Kapritchkoff, F. M., Viotti, A. P., Alli, R., Zuccolo, M., Pradella, J. G., Maiorano, A.
E., Miranda, E. A. and Bonomi, A. (2006) ‘Enzymatic recovery and purification
of

polyhydroxybutyrate

produced

by

Ralstonia

eutropha’,

Journal

of

Biotechnology, 122, pp. 453-462.
Karbasi, F., Ardjand, M., Yunesi, H., Kordi, S. and Yaghmaei, S. (2011)
‘Investigation of Optimum fermentation Condition for PHA Production by Four
Species: Hydrogenophaga pseudoflava DSMZ 1034, Azohydromonas lata DSMZ
1123, Cupriavidus necator DSMZ 545, Azotobacter beijinckii DSMZ 1041’,
World Applied Sciences Journal, 14, pp. 36-47.

215

Chapter 9

Karlsson, A. (2005) Production of polyhydroxyalkanoates in an open mixed culture
from fermented hydrolysed sludge under high organic loading rates, EU Neptune
Project. Available at http://www.chemeng.lth.se/exjobb/E477.pdf. Accessed June
2013.
Kedia, G., Passanha, P., Dinsdale, R. M., Guwy, A. J., Lee, M. and Esteves S. R.
(2013) ‘Addressing the challenge of optimum polyhydroxyalkanoate harvesting:
Monitoring real time process kinetics and biopolymer accumulation using
dielectric spectroscopy’, Bioresource Technology, 134, pp. 143-150.
Khanna, S. and Srivastava, A. (2005a) ‘Recent advances in microbial
polyhydroxyalkanoates’, Process Biochemistry, 40, pp. 607-619.
Khanna, S. and Srivastava, A. (2005b). Statistical optimization studies for growth
and PHA production by Ralstonia eutropha’, Process Biochemistry, 40, pp. 21732182.
Khanna, S. and Srivastava, A. (2006) ‘Optimization of nutrient feed concentration
and addition time for production of poly(β-hydroxybutyrate)’, Enzyme and
Microbial Technology, 39, pp. 1145-1151.
Khosravi-Darani, K., Vasheghani-Farahani, E., Shojaosadati, S. A. and Yamini, Y.
(2004) ‘Effect of process variables on supercritical fluid disruption of Ralstonia
eutropha cells for poly(R-hydroxybutyrate) recovery’, Biotechnology Progress,
20, pp. 1757-1765.
Kim, B. S., Lee, S. C., Lee, S. Y., Chang, H. N., Chang, Y. K. and Woo, S. I. (1994)
‘Production of poly(3-hydroxybutyric-co-3-hydroxyvaleric acid) by fed-batch
culture of Alcaligenes eutrophus with substrate control using on-line glucose
analyzer’, Enzyme and Microbial Technology, 16, pp. 556-561.
Kim, M., Cho, K. S., Ryu, H. W., Lee, E. G. and Chang, Y. K. (2003) ‘Recovery of
poly(3- Hydroxybutyrate) from high cell density culture of Ralstonia eutropha by
direct addition of sodium dodecyl sulfate’, Biotechnology Letters, 25, pp. 55-59.
King, P. P. (1982) ‘Biotechnology: An Industrial View’, Journal of Chemical
Technology and Biotechnology, 32, pp. 2-8.

216

Chapter 9

Kitamura, S. and Doi, Y. (1994) ‘Staining Method of Poly(3-Hydroxyalkanoic acids)
producing bacteria by Nile Blue’, Biotechnology Techniques, 8(5), pp. 345-350.
Koller, M., Salerno, A., Dias, M., Reiterer, A. and Braunegg, G. (2010) ‘Modern
Biotechnological Polymer Synthesis: A Review’, Food Technology and
Biotechnology, 48(3), pp. 255-269.
Koller, M., Sandholzer, D., Salerno, A., Braunegg, G., and Narodoslawsky, M.
(2013) ‘Bioploymer from industrial residues: Life cycle assessment of
poly(hydroxyalkanoates) from whey, Resources, Conservation and Recycling, 73,
pp. 64-71.
Kourmentza, C., Ntaikou, I., Kornaros, M. and Lyberatos, G. (2009) ‘Production of
PHAs from mixed and pure cultures of Pseudomonas sp. using short-chain fatty
acids as carbon source under nitrogen limitation’, Desalination, 248, pp. 723-732.
Koutinas, A. A., Garcia, I. L., Kopsahelis, N., Papanikolaou, S., Webb, C., Willar,
M. A. and Lopez, J. A. (2013) ‘Production of Fermentation Feedstock from
Jerusalem Artichoke Tubers and its Potential for Polyhydroxybutyrate Synthesis’,
Waste and Biomass Valorization, 4(2), pp. 359-370.
Kratzeisen, M., Starcevic, N., Martinov, M., Maurer, C. and Müller, J. (2010)
‘Applicability of biogas digestate as solid fuel’, Fuel, 89(9), pp. 2544-2588.
Kunasundari, B. and Sudesh, K. (2011) ‘Isolation and recovery of microbial
polyhydroxyalkanoates’, Express Polymer Letters, 5(7), pp. 620-634.
ŁabuŜek, S. and Radecka, I. (2001) ‘Biosynthesis of copolymers of PHB
tercopolymer by Bacillus cereus UW85 strain’, Journal of Applied Microbiology,
90, pp. 353-357.
Lafferty, R. M. and Heinzle E. (1979) ‘Use of cyclic carbonic acid esters as solvents
for poly-(3-hydroxybutyric acid)’, U.S. Patent 4140741.
Lakshman K. and Shamala T. R. (2006) ‘Extraction of polyhydroxyalkanoate from
Sinorhizobium meliloti cells using Microbispora sp. culture and its enzymes’,
Enzyme and Microbial Technology, 39, pp. 1471-1475.

217

Chapter 9

Law, J. and Slepecky, R. (1961) ‘Assay of Poly-β-hydroxybutyric Acid’, Journal of
Bacteriology, 82 (1), pp. 33-36.
Lee, S. and Yu, J. (1997) ‘Production of Biodegradable Thermoplastics from
Municipal Sludge by a Two-Stage Bioprocess’, Resources, Conservations and
Recycling, 19, pp. 151-164.
Lee,

S.

Y.

(1996a)

‘Plastic

bacteria?

Progress

and

prospects

for

polyhydroxyalkanoates production in bacteria’, TINtech, 14, pp. 431-438.
Lee, S. Y. (1996b) ‘Review Bacterial Polyhydroxyalkanoates’, Biotechnology and
Bioengineering, 49, pp. 1-14.
Lee, S. Y. and Chang, H. N. (1994a) ‘Effect of complex nitrogen source on the
synthesis and accumulation of poly(β-hydroxybutyric acid) by recombinant
Escherichia coli in flask and fed-batch cultures’, Journal of Environmental
Polymer Degradation, 2, pp. 169-176.
Lee, S. Y., Choi, J., Han, K. and Song, J. Y. (1999a) ‘Removal of Endotoxins during
Purification of Poly(3-Hydroxybutyrate) from Gram-Negative Bacteria’, Applied
Environmental Microbiology, 65(6), pp. 2762-2764.
Lee, S. Y., Lee, K. M., Chang, H. N. and Steinbüchel, A. (1994b) ‘Comparison of
recombinant Escherichia coli strains for synthesis and accumulation of poly(3hydroxybutyric

acid)

and

morphological

changes’,

Biotechnology

and

Bioengineering, 44, pp. 1337-1347.
Lee, S. Y., Wong, H. H., Choi, J., Lee, S. H., Lee, S. C. and Han, C. S. (1999b)
‘Production of Medium-Chain-Length Polyhydroxyalkanoates by High-CellDensity Cultivation of Pseudomonas putida under Phosphorus Limitation’,
Biotechnology Bioengineering, 68(4), pp. 466-470.
Lee, W. H., Loo, C. Y., Nomura, C. T. and Sudesh, K. (2008) ‘Biosynthesis of
polyhydroxyalkanoate copolymers from mixtures of plant oils and 3hydroxyvalerate precursors’, Bioresource Technology, 99, pp. 6844-6851.

218

Chapter 9

Lefebvre, G., Rocher, M. and Braunegg, G. (1997) ‘Effect of low dissolved-oxygen
concentrations on poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) production by
Alcaligenes eutrophus’, Applied Environmental Microbiology, 63, pp. 827-833.
Lemoigne, M. (1926) ‘Products of dehydration and of polymerization of βhydroxybutyric acid’, Bulletin de la Société de chimie biologique, 8, pp. 770-782.
Lemos, P. C., Dai, Y., Yuan, Z., Santos, H., Keller, J. and Reis, M. (2007)
‘Elucidation of metabolic pathways in glycogen-accumulating organisms with in
vivo 13C nuclear magnetic resonance’, Environmental Microbiology, 9(11), pp.
2694-2706.
Lemos,

P.

C.,

Serafim,

L.

S.

and

Reis,

M.

(2006)

‘Synthesis

of

polyhydroxyalkanoates from different short-chain fatty acids by mixed cultures
submitted to aerobic dynamic feeding’, Journal of Biotechnology, 122(2), pp.
226-238.
Lester, G. (1958) ‘Requirement for Potassium by Bacteria’, Journal of Bacteriology,
75(4), pp. 426-428.
Liedl, B. E., Bombardiere, J. and Chaffield, J. M. (2006) ‘Fertilizer potential of
liquid and solid effluent from thermophilic anaerobic digestion of poultry waste’,
Water Science and Technology, 53(8), pp. 69-79.
Liu, H., Hall, P. V., Darby, J. L., Coats, E. R., Green, P. G., Thompson, D. E. and
Loge, F. J. (2008) ‘Production of polyhydroxyalkanoates during treatment of
tomato cannery wastewater’, Water Environment Research, 80(4), pp. 367-372.
Madison, L. L. and Huisman, G. W. (1999) ‘Metabolic engineering of poly(3hydroxyalkanoates): From DNA to Plastic’, Microbiology and Molecular Biology
Reviews, 63, pp. 21-53.
Magalon, A., Fedor, J. G., Walburger, A. and Weiner, J. H. (2011) ‘Molybdenum
enzymes in bacteria and their maturation’, Coordination Chemistry Reviews,
255(9-10), pp. 1159-1178.
Makádi, M., Tomócsik, A. and Orosz, V. (2012) ‘Digestate: A New Nutrient Source
– Review’, in Kumar, S. (ed.) Biogas. ISBN: 978-953-51-0204-5, InTech, DOI:

219

Chapter 9

10.5772/31355.

Available

from:

http://www.intechopen.com/books/biogas/digestate-a-new-nutrient-source-review.
Accessed April 2013.
Makkar, N. S. and Casida, L. E. (1987) ‘Cupriavidus necator gen. nov., sp. nov.; a
Nonobligate Bacterial Predator of Bacteria in Soil’, International Journal of
Systematic and Evolutionary Microbiology, 37(4), pp. 323-326.
Marcato, C. E., Pinelli, E., Pouech, P., Winterton, P. and Guiresse, M. (2008)
‘Particle size and metal distribution in anaerobically digested pig slurry’,
Bioresource Technology, 99(7), pp. 2340-2348.
Martins, D. P. and Williams, S. F. (2003) ‘Medical application of poly-4hydroxybutyrate: a strong flexible absorbable biomaterial’, Biochemical
Engineering Journal, 16, pp. 97-105.
Maskow, T., Röllich, A., Fetzer, I., Ackermann, J-U. and Harms, H. (2008a) ‘On-line
Monitoring of Lipid Accumulation in Yeast Using Impedance Spectroscopy’,
Journal of Biotechnology, 135, pp. 64-70.
Maskow, T., Röllich, A., Fetzer, I., Yao, J. and Harms, H. (2008b) ‘Observation of
non-linear biomass-capacitance correlations: Reasons and implications for
bioprocess control’, Biosensors and Bioelectronics, 24, pp. 123-128.
Massanet-Nicolau, J., Dinsdale, R., Guwy, A. and Shipley, G. (2013) ‘Use of real
time gas production data for more accurate comparison of continuous single-stage
and two-stage fermentation’, Bioresource Technology, 129, pp. 561-567.
Mengmeng, C., Hong, C., Qingliang, Z., Shirley, N. and Jie, R. (2009) ‘Optimal
production of polyhydroxyalkanoates (PHA) in activated sludge fed by volatile
fatty acids (VFAs) generated from alkaline excess sludge fermentation’,
Bioresource Technology, 100, pp. 1399-1405.
Merrick, J. M. and Doudoroff, M. (1964) ‘Depolymerisation of poly-βhydroxybutyrate by intracellular enzyme system’, Journal of Bacteriology, 88, pp.
60-71.

220

Chapter 9

Messenger, A. M. and Barclay, R. (1983) ‘Bacteria, Iron and Pathogenicity’,
Biochemical Education, 11(2), pp. 54-63.
Mobley, D. P. (ed.) (1994) Plastics from microbes: microbial synthesis of polymers
and polymer precursors. Munich: Hanser, pp. 533.
Mohan, S. V. and Reddy, M. V. (2013) ‘Optimisation of crucial factors to enhance
polyhydroxyalkanoates (PHA) synthesis by mixed culture using Taguchi design
of experimental methodology’, Bioresource Technology, 128, pp. 409-416.
Mohan, S., Reddy, M., Subhash, G. and Sarma, P. (2010) ‘Fermentative effluents
from hydrogen producing bioreactor as substrate for poly(β-OH)butyrate
production with simultaneous treatment: An integrated approach’, Bioresource
Technology, 101, pp. 9382 - 9386.
Molybdenum in bacteria. International Molybdenum Association. Available at
http://www.imoa.info/HSE/environmental_data/biology/molybdenum_in_bacteria.
php (Accessed February 2014)
Mothes, G., Schnorpfeil, C. and Ackermann, J. U. (2007) ‘Production of PHB from
Crude Glycerol’, Engineering in Life Sciences, 7(5), pp. 475-479.
Murphy, D. (2003) ‘Agricultural biotechnology and Oil crops: Current Uncertainties
and Potential’, Applied Biotechnology, Food Science and Policy, 1(1), pp. 1-14.
Natarajan, K., Kishore, L. and Babu, C. R. (1995a) ‘Characteristics of NaCl stress
associated proteins of Rhizobium under varying cultural conditions’, Journal of
Basic Microbiology, 35(6), pp. 413-420.
Natarajan, K., Kishore, L. and Babu, C.R. (1995b) ‘Sodium chloride stress results in
increased poly-β-hydroxybutyrate production in Rhizobium DDSS 69’, Microbios,
82, pp. 95-107.
Obruca, S., Marova, I., Stankova, M., Mravcova, L. and Svoboda, Z. (2010a) ‘Effect
of ethanol and hydrogen peroxide on poly(3-hydroxybutyrate) biosynthetic
pathway in Cupriavidus necator H16’, World Journal of Microbiology and
Biotechnology, 26, pp. 1261-1267.

221

Chapter 9

Obruca, S., Svoboda, Z. and Mikulikova, R. (2010b) ‘Use of Controlled Exogenous
Stress for Improvement of Poly(3-hydroxybutyrate) Production in Cupriavidus
necator’, Foila Microbiology, 55(1), pp. 17-22.
Oliveira, F. C., Dias, M. L., Castilho, L. R. and Freire, D. G. (2007)
‘Characterisation of poly(3-hydroxybutyrate) produced by Cupriavidus necator in
solid-state fermentation’, Bioresource Technology, 98, pp. 633-638.
Oliveira, F. C., Freire, D. G. and Castilho, L.R. (2004) ‘Production of poly(βhydroxybutyrate)

by

solid-state

fermentation

with

Ralstonia

eutropha’,

Biotechnology letters, 26(24), pp. 1851-1855.
Oshiki, M., Satoh,

H. and Mino, T. (2011) ‘Rapid quantification of

polyhydroxyalkanoates (PHA) concentration in activated sludge with the
fluorescent dye Nile Blue A’, Water Science and technology, 64(3), pp. 747-753.
Page, W. J. and Manchak, J. (1995) ‘The Role of β-oxidation of Short Chain
Alkanoates in Polyhydroxyalkanoate Copolymer Synthesis in Azotobacter
vinelandii UWD’, Canadian Journal of Microbiology, 41(1), pp. 106-115.
Patel, P., Bhat, A. and Markx, G. (2008) ‘A comparative study of cell death using
electrical capacitance measurements and dielectrophoresis’, Enzyme and
Microbial Technology, 43, pp. 523-530.
Pedrós-Alió, C., Mas, J. and Guerrero, R. (1985) ‘The influence of poly-βhydroxybutyrate accumulation on cell volume and buoyant density in Alcaligenes
eutrophus’, Archives of Microbiology, 143, pp. 178-184.
Petrasovits, L. A., Purnell, M. P., Nielsen, L. K. and Brumbley, S. M. (2007)
‘Production of polyhydroxybutyrate in sugarcane’, Plant Biotechnology Journal,
5, pp. 162-172.
Pham, T. H., Webb, J. S. and Rehm, B. A. (2004) ‘The role of polyhydroxyalkanoate
biosynthesis by Pseudomonas aeruginosa in rhamnolipid and alginate production
as well as stress tolerance and biofilm formation’, Microbiology, 150, pp. 34053413.

222

Chapter 9

Philip, S., Keshavarz, T. and Roy, I. (2007) ‘Polyhydroxyalkanoates: biodegradable
polymers with a range of applications’, Journal of Chemical Technology and
Biotechnology, 82, pp. 233-247.
Piña, R. G. and Cervantes, C. (1996) ‘Mini-Review: Microbial interactions with
aluminium’, BioMetals, 9, pp. 311-316.
Preusting, H., Van Houten, R., Hoefs, A., Van Langenberghe, E. K., Favre-Bulle, O.
and Witholt, B. (1993) ‘High cell density cultivation of Pseudomonas oleovorans:
growth and production of poly (3-hydroxyalkanoates) in two-liquid phase batch
and fed-batch systems’, Biotechnology and Bioengineering, 41, pp. 550-556.
Qu, B. and Liu, J. X. (2009) ‘Determination of optimum operating conditions for
production of polyhydroxybutyrate by activated sludge submitted to dynamic
feeding regime’, Environmental Science and Technology, 54, pp. 142-149.
Ramsay, J. A., Berger, E., Voyer R., Chavarie C. and Ramsay B. A. (1994)
‘Extraction of poly-3-hydroxybutyrate using chlorinated solvents’, Biotechnology
Techniques, 8, pp. 589-594.
Ranquet, C., Ollagnier-de-Choudens, S., Loiseau, L., Barras, F. and Fontecave, M.
(2007) ‘Cobalt Stress in Escherichia coli: The Effect of Iron-Sulphur Proteins’,
The Journal of Biological Chemistry, 282(42), pp. 30442-30451.
Reddy, C., Ghai, R. and Rashmi, K. V. (2003) ‘Polyhydroxyalkanoates: an
overview’, Bioresource Technology, 87, pp. 137-146.
Reducing and Managing waste policy. Packaging waste – producer responsibility
regimes. Available at www.gov.uk (Accessed February 2014)
Repaske, R. and Mayer, R. (1976) ‘Dense Autotrophic Cultures of Alcaligenes
eutrophus’, Applied and Environmental Biotechnology, 32 (4), pp. 592-597.
Repaske, R. and Repaske, A. C. (1976) ‘Quantitative Requirements for Exponential
growth of Alcaligenes eutrophus’, Applied and Environmental Microbiology,
32(4), pp. 585-591.
Rhu, D. H., Lee, W. H., Kim, J. Y. and Choi, E. (2003) ‘Polyhydroxyalkanoate
(PHA) production from waste’, Water Science Technology, 48, pp. 221-228.
223

Chapter 9

Ryan, P. G. and Jackson, S. (1987) ‘The lifespan of ingested plastic particles in sea
birds and their effect on digestive efficiency’, Marine Pollution Bulletin, 18(5),
pp. 217-219.
Salehizadeh,

H.

and

Van

Loosdrecht,

M.C.

(2004)

‘Production

of

Polyhydroxyalkanoates by Mixed culture: Recent Trends and Biotechnological
Importance’, Biotechnology Advances, 22(3), pp. 261-279.
Sangkharak,

K.

(2008)

‘Nutrient

optimization

for

the

production

of

polyhydroxybutyrate from halotolerant photosynthetic bacteria cultivated under
aerobic-dark condition’, Electronic Journal of Biotechnology, 11(3), pp. 1-12.
Santhanam,

A.

and

Sasidharan,

S.

(2010)

‘Microbial

production

of

polyhydroxyalkanotes (PHA) from Alcaligenes spp. and Pseudomonas oleovorans
using different carbon sources’, African Journal of Biotechnology, 9(21), pp.
3144-3150.
Schubert, P., Steinbüchel, A. and Schlegel, H. G. (1988) ‘Cloning of the Alcaligenes
eutrophus genes for the synthesis of poly-β-Hydroxybutyric acid (PHB) and
synthesis of PHB in Escherichia coli’, Journal of Bacteriology, 170, pp. 58375847.
Schwan, H. P. (1957) ‘Electrical properties of tissue and cell suspensions’, Advances
in Biological and Medical Physics, 5, pp. 147-209.
Serafim, S., Lemos, C., Oliveira, R. and Reis, M. (2004) ‘Optimization of
Polyhydroxybutyrate production by mixed cultures submitted to aerobic dynamic
feeding conditions’, Biotechnology Bioengineering, 87, pp. 145-160.
Shang, L. G., Jiang, M. and Chang, H. N. (2003) ‘Poly(3-hydroxybutyrate) synthesis
in fed batch culture of Ralstonia eutropha with phosphate limitation under
different glucose concentrations’, Biotechnology Letters, 25, pp. 1415-1419.
Sheavly, S. B. and Register, K. M. (2007) ‘Marine Debris & Plastics: Environmental
Concerns, Sources, Impacts and Solutions’, Journal of Polymers and the
Environment, 15, pp. 301-305.

224

Chapter 9

Slater, S. C., Voige, W. H. and Dennis, D. E. (1988) ‘Cloning and expression in
Escherichia coli of the Alcaligenes eutrophus H16 poly-β-Hydroxybutyric
biosynthetic pathway’, Journal of Bacteriology, 170, pp. 4431-4436.
Steinbüchel, A. (1996) ‘PHB and other polyhydroxyalkanoic acids’, in Rehm, H. J.,
Reed, G., Pühler, A., and Stadler, P. (eds.) Biotechnology, 2nd edn. Weinheim:
Wiley/VCH, pp. 403.
Steinbüchel, A. and Pieper, U. (1992) ‘Production of a Copolyester of 3hydroxybutyric acid and 3-hydroxyvaleric acid from Single Unrelated carbon
Sources by a Mutant of Alcaligenes eutrophus’, Applied Microbiology and
Biotechnology, 37, pp. 1-6.
Sudesh, K., Abe, H. and Doi, Y. (2000) ‘Synthesis, structure and properties of
polyhydroxyalkanoates: biological polyesters’, Progress in Polymer Science, 25,
pp. 1503-1555.
Sugimoto, T., Tsuge, T. and Tanaka, K., Ishizaki, A. (1999) ‘Control of acetic acid
concentration by pH-stat continuous feeding substrate in heterotrophic culture
phase of two-stage cultivation of Alcaligenes eutrophus for production of P(3HB)
from CO2, H2 and O2 under non-explosive conditions’, Biotechnology and
Bioengineering, 62(6), pp. 625-631.
Suriyamongkol, P., Weselake, R., Narine, S., Moloney, M. and Shah, S. (2007)
‘Biotechnological approaches for the production of polyhydroxyalkanoates in
microorganisms and plants – A review’, Biotechnology Advances, 25, pp. 148175.
Taga, N., Tanaka, K. and Ishizaki, A. (1996) ‘Effects of Rheological Change by
addition of Carboxymethylcellulose in culture media of an air - lift fermenter on
poly-D-3-hydroxybutyric acid productivity in autotrophic culture of hydrogenoxidizing bacterium, Alcaligenes eutrophus’, Biotechnology and Bioengineering,
53, pp. 529- 533.
Tamer, I.M., Moo-Young, M. and Chisti, Y. (1998a) Optimization of poly(βhydroxybutyric acid) recovery from Alcaligenes latus: combined mechanical and
chemical treatments’, Bioprocess Engineering, 19, pp. 459-468.

225

Chapter 9

Tamer, M., Moo-Young, M. and Chisti, Y. (1998b) ‘Disruption of Alcaligenes latus
for recovery of poly(-hydroxybutyric acid): Comparison of high-pressure
homogenization, bead milling and chemically induced lysis’, Industrial and
Engineering Chemistry Research, 37, pp. 1807-1814.
Tan, G. A., Chen, C., Li, L., Ge, L., Wang, L., Razaad, I. N., Li, Y., Zhao, Y., Mo,
Y. and Wang, J. (2014) ‘Biopolymer Polyhydroxyalkanoate (PHA): A Review’,
Polymers, 6(3), pp. 706-754.
Tanaka, K. and Ishizaki, A. (1995) ‘Production of poly (D-3-hydroxybutyrate) from
CO2, H2 and O2 by high cell density autotrophic cultivation of Alcaligenes
eutrophus’, Biotechnology and Bioengineering, 45, pp. 268- 275.
The Plastics Portal, Press release 2012 Available at www.plasticseurope.org.
(Accessed February 2013)
Tian,

J.,

Sinskey,

A.

J.

and

Stubbe,

J.

(2005)

‘Kinetic

Studies

of

Polyhydroxybutyrate Granule Formation in Wautersia eutropha H16 by
Transmission Electron Microscopy’, Journal of Bacteriology, 187(11), pp. 38143824.
Tokiwa, Y. and Calabia, B. P. (2004) ‘Degradation of microbial polyesters’,
Biotechnology Letters, 26, pp. 1181-1189.
Tokiwa, Y. and Suzuki, T. (1977) ‘Hydrolysis of polyesters by lipases’, Nature, 270,
pp. 76-78.
Tsuge, T. (2002) ‘Metabolic Improvements and Use of Inexpensive Carbon Sources
in Microbial Production of Polyhydroxyalkanoates’, Journal of Bioscience and
Bioengineering, 94, pp. 579-584.
Tsuge, T., Tanaka, K. and Ishizaki, A. (2001) ‘Development of a novel method for
feeding a mixture of L-lactic acid and acetic acid in a fed-batch culture of
Ralstonia eutropha for poly-D-3-hydroxybutyrate production’, Journal of
Bioscience and Bioengineering, 91(6), pp. 545-550.
Uniprot, 2012. Available at http://uniprot.org/taxonomy. (Accessed February 2014)

226

Chapter 9

US Environmental Protection Agency. Available at www.epa.gov. (Accessed April
2014)
Valappil, S. P., Peiris, D., Langley, G. J., Herniman, J. M., Boccaccini, A. R. and
Bucke, C. (2007) ‘Polyhydroxyalkanoates (PHA) biosynthesis from structurally
unrelated carbon sources by a newly characterised Bacillus spp’, Journal of
Biotechnology, 127, pp. 475-487.
Van Wegen, R. J., Ling, Y., Middelberg, A. J. (1998) ‘Industrial production of
polyhydroxyalkanoates using Escherichia coli: an economic analysis’, Chemical
Engineering Research and Design, 76, pp. 417-426.
Verlinden, R. J., Hill, D. J., Kenward, M. A., Williams, C. D., Piotrowska-Seget, Z.
and Radecka, I. K. (2011) ‘Production of polyhydroxyalkanoates from waste
frying oil by Cupriavidus necator’, AMB Express, 1(1), pp. 11.
Volova, T. (2004) Polyhydroxyalkanoates- Plastic Material of the 21st Century. New
York: Nova Science Publishers, Inc.
Wallen, L. L and Rohwedder, W. K. (1974) ‘Poly-β-hydroxyalkanoate from
activated sludge’, Environmental Science and Technology, 8, pp. 576-579.
Wampfler, B., Ramsauer, T., Rezzonico, S., Hischier, R., Kohling, R., Thony-Meyer,
L. and Zinn, M. (2010) ‘Isolation and purification of medium chain length poly(3hydroxyalkanoates) (mcl-PHA) for medical applications using non-chlorinated
solvents’, Biomacromolecules, 11, pp. 2716-2723.
Wang, J. and Yu, J. (2000) ‘Kinetic analysis on inhibited growth and poly(3hydroxybutyrate) formation of Alcaligenes eutrophus on acetate under nutrientrich conditions’, Process Biochemistry, 36, pp. 201-207.
Wang, J., Yue, Z., Sheng, G. and Yu, H. (2010) ‘Kinetic analysis on the production
of polyhydroxyalkanoates from volatile fatty acids by Cupriavidus necator with a
consideration of substrate inhibition, cell growth, maintenance, and product
formation’, Biochemical Engineering Journal, 49, pp. 422-428.

227

Chapter 9

Wang, Y. J., Hua, F. L., Tsang, Y. F., Chan, S. Y., Sin, S. N., Chua, H., Yu, P. and
Ren, N. Q. (2007) ‘Synthesis of PHAs from waster under various C: N ratios’,
Bioresource Technology, 98, pp. 1690-1693.
Webb, M. (1966) ‘The Utilization of Magnesium by Certain Gram–Positive and
Gram–Negative Bacteria’, Journal of General Microbiology, 43, pp. 401-409.
Williams, J., Williams, H., Dinsdale, R., Guwy, A. and Esteves, S. (2013)
‘Monitoring methanogenic population dynamics in full scale anaerobic digester to
facilitate operational management’, Bioresource Technology, 140, pp. 234-242.
Williams, S. F., Rizk, S. and Martin, D. P. (2013) ‘Poly-4-hydroxybutyrate (P4BH):
a new generation of resorbable medical device for tissue repair and regeneration’,
Biomedizinische Technik. Biomedical Engineering, 58(5), pp. 439-452.
Wood, J. M. (1999) ‘Osmosensing by bacteria: signals and membrane-based
sensors’, Microbiology and Molecular Biology Reviews, 63(1), pp. 230-62.
Wulf, S., Jäger, P. and Döhler, H. (2006) ‘Balancing of greenhouse gas emissions
and economic efficiency for biogas-production through anaerobic co-fermentation
of slurry with organic waste’, Agriculture, Ecosystems and Environment, 112(23), pp. 178-185.
Xu, Y., Wang, R., Koutinas, A. and Webb, C. (2010) ‘Microbial biodegradable
plastics production from a wheat-based bio refining strategy’, Process
Biochemistry, 45, pp. 153-163.
Yamane, T. (1993) ‘Yield of Poly-D(-)-3Hydroxybutyrate from Various Carbon
Sources: A Theoretical Study’, Biotechnology and Bioengineering, 41(1), pp.
165-170.
Yan, Q., Du, G. and Chen, J. (2003) ‘Biosynthesis of polyhydroxyalkanoates (PHAs)
with continuous feeding of mixed organic acids as carbon sources by Ralstonia
eutropha’, Process Biochemistry, 39, pp. 387-391.
Yasotha K., Aroua M. K., Ramachandran K. B. and Tan I. P. (2006) ‘Recovery of
medium-chain-length

polyhydroxyalkanoates

228

(PHAs)

through

enzymatic

Chapter 9

digestion treatments and ultrafiltration’, Biochemical Engineering Journal, 30, pp.
260-268.
Yu, J. and Chen, L. L. (2006) ‘Cost-effective recovery and purification of
polyhydroxyalkanoates by selective dissolution of cell mass’, Biotechnology
Progress, 22, pp. 547-553.
Yu, J. and Si, Y. (2001) ‘A dynamic study and modelling of the formation of
polyhydroxyalkanoates combined with treatment of high strength wastewater’,
Environmental Science Technology, 35(17), pp. 3584-3588.
Yu, J., Si, Y. and Wong, R. W. (2002) Kinetics modelling of inhibition and
utilization of mixed volatile fatty acids in the formation of polyhydroxyalkanoates
by Ralstonia eutropha’, Process Biochemistry, 37, pp. 731-738.
Yunus, A., Parveez, G. and Ho, C. (2008) ‘Transgenic Plants Producing
Polyhydroxyalkanoates’, Asia Pacific Journal of Molecular Biology and
Biotechnology, 16 (1), pp. 1-10.
Zahari, M. M., Ariffin, H., Mokhtar, M. N., Salihon, J., Shirai, Y. and Hassan, M. A.
(2012) ‘Factors affecting Poly(3-hydroxybutyrate) production from oil palm
Frond Juice by Cupriavidus necator (CCUG52238T) ’, Journal of Biomedicine
and Biotechnology, 2012, pp. 1-8.
Zuriani, R., Vigneswari, S., Azizan, M. M., Majid, M. A. and Amirul, A. A. (2013)
‘A high throughput Nile red fluorescence method for rapid quantification of
intracellular bacterial polyhydroxyalkanoates’, Biotechnology and Bioprocess
Engineering, 18(3), pp. 472-478.

229

Appendix

230

Appendix

Journal publications from this study
 Kedia, G., Passanha, P., Dinsdale, R. M., Guwy, A. J. and Esteves, S. R. (2014)
‘Evaluation of feeding regimes to enhance PHA production using acetic and butyric
acids by pure culture of Cupriavidus necator’, Accepted at Biotechnology and
Bioprocess Engineering.
 Passanha, P., Kedia, G., Dinsdale, R. M., Guwy, A. J. and Esteves, S. R. (2014).
‘The use of NaCl addition for the improvement of PHA production by Cupriavidus
necator’, Bioresource Technology, 163, pp. 287-294.
 Passanha, P., Esteves, S. R., Kedia, G., Dinsdale, R. M. and Guwy, A. J. (2013)
‘Increasing Polyhydroxyalkanoate (PHA) Yields From Cupriavidus necator by using
Filtered Digestate Liquors’, Bioresource Technology, 147, pp. 345–352.


Kedia, G., Passanha, P., Dinsdale, R. M., Guwy, A. J., Lee, M. and Esteves, S. R.

(2013) ‘Addressing the Challenge of Optimum Polyhydroxyalkanoate Harvesting:
Monitoring Real Time Process Kinetics and Biopolymer Accumulation Using
Dielectric Spectroscopy’, Bioresource Technology, 134, pp. 143–150

International/European Conferences and Workshops
 ‘Optimisation strategies for Polyhydroxyalkanoate production using Cupriavidus
necator’- 5th Workshop on PHA production by microbial consortia: where are we?
Where should we go? 11-12th September 2014, INSA - Toulouse, France.
 ‘NaCl addition for increased Polyhydroxyalkanoate production by Cupriavidus
necator’ - 16th European Congress on Biotechnology, 13-16th July 2014, Edinburgh
International Conference Centre, United Kingdom.

231

Appendix

 ‘Monitoring and Optimisation of Polyhydroxyalkanoate production through the
use of volatile fatty acids and digestates’ – Asian Congress on Biotechnology, 1519th December 2013, IIT Delhi, India.


‘The Value of Digestate Nutrients in Biopolymer Production’ - 13th World

Congress on Anaerobic Digestion, 25-28th June 2013, Santiago de Compostela,
Spain.


‘Making Polymers Out of Digestate’ – Biogaz Europe, 20-21st March 2013,

Nantes, France.
 ‘Production of PHA from filtered digestates by C necator & optimisation of
harvesting time’ - 4th European Workshop on Polyhydroxyalkanoate Production, 20th
Sept 2012, Rome, Italy.

Other workshops and events


Low Carbon Biopolymers, Chemicals and Gases from Wastes – LCRI Conference

12-13th November 2012, Cardiff, UK.


Integration of Anaerobic Digestion & Biopolymers - Making the recycling loop

work! Leading IB: Focus on Bio-Based Products, 13th Sept 2012 Birmingham, UK.


Research & Innovation in Waste Treatment, Renewable Energy and Generation

Of Green Products - 19th July 2012, UNITEN - Indah Water Konsortium, Kuala
Lumpur STWs, Malaysia.


Integration of AD and Bioplastics - Making the recycling loop work! – ADBA

UK AD & BIOGAS Trade Show and Conference, 4th - 5th July 2012, NEC
Birmingham, UK.

232

Appendix



An Evaluation of Technologies Available to Enhance the Use of Digestate -

Example: Biopolymer Production - ADBA annual AD R&D Forum, 24th April 2012,
FERA, York, UK.


The Value of Anaerobic Process Gases and Intermediates in Non-energy

Applications - High Value Products from Anaerobic Processes - New Market
Opportunities, 26th January 2012 – Bangor, UK.


Recycling Bioplastics Through AD Processes – High Value Products from

Anaerobic Processes - New Market Opportunities, 26th January 2012 – Bangor, UK.
 Maximising Anaerobic Digestion Outputs for a Recycling Economy - ADBA
annual AD R&D Forum, 1st – 2nd November 2011, Bristol, UK.

233

NOTES

-

234

